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During the last two years. nine 4-cm-aperture, I7-m-long dipole magnet prototypes were 
pmduced by Bmokhaven Nation& Labmamry (BNL) under connact with the Superconducting Super 
Collider (SSC) Laboratory. These prototypes are the last phase of a halfdecade-long R&D 
program. carried out in wllabomtion with Fermi National Accelerator Laboratory and Lawrence 
Berkeley Laboratory. and aimed at demonstrating the feasibility of the SSC main-ring dipole 
magnets. They also lay the groundwork for the 5-cm-aperture dipole magnet program now 
underway. After reviewing the design features of the BNL 4-cm-aperture. 17-m-long dipole 
magnets, we describe in detail the various steps of their fabrication. For each step. we discuss the 
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parameters that need to be mastered, and we compare the values that were achieved for the nine 
most recent prototypes. The data appear coherent and reproducible, demonsuating that the assembly 
process is under control. We then analyze tie mechanical behavior of these magnets during 
cwldown and excitation, and we attempt to relate dds behavior to the magnet features. The data 
reveal that the mechanical behavior is sensitive to the collar-yoke interference and that the magnets 
exhibit somewhat erratic change-s in coil end-loading during cooldown. 

1 INTRODUCTION 

The key event for the Superconducting Super Collider @SC) collider dipole magnets during 
1990 was the decision taken in January to increase the aperture from 4 cm1 to 5 cm.2 The reason 
for this decision was to improve the field quality in order to reduce the risk of beam losses3 
However, the implementation of such a change required the development of new tooling, which 
would take 12-18 months. It was therefore decided tc continue the production of 4sm-aperture 
prototypea so that design correprs developed for the 4-zm program could be tested before they were 
scaled up to the 5-cm program. 

In this paper, we report on the design, fabrication, and mechanical behavior during cooldown 
and excitation of the nine most recent 4cm-apextore. I7-m-long collider dipole magnet prototypes. 
The nine cold masses were built at Brookhaven National Laboratory (BNL). Three of them 
(designated DDO026, DDO027, and DDOOZB) were cold-tested at Fermi National Accelerator 
Laboratory (FNAL)$j the other six (designated DCMOI. JXO202. DCO203, DCO204. X0205. 
and DCOZO6) were cold-tested at BNL. In the second section of this paper. entitled “Magnet 
Features.” we shall start by reviewing the baseline design of these magnets, and we shall try to 
explain the role of the various components and how they are supposed to interacr We then shall 
detail the design varianu that were implemented cm some of these magnets and how they were 
expected to influence the performance. IO the third section, entitled “‘Magnet Assembly,” we shall 
describe the successive steps of the assembly process. and we shall list the parameters that need to 
be controlled. As we go along. we shall summarize the assembly data of the nine magnets and 
discuss their repmducibility. In rhe fourth and ftith parts, entided “Magnet Cooldown” and “Magnet 
Excitation,” we shzdl analyze the mechanical behavior of these. magnets during cold testing, 
focusing primarily on the changes in coil azimuthal compressive stress and coil axial end-load. 
(The changes during cooldown result from differences in thermal shrinkage between the various 
magnet components. The changes during excitation result from the L.orentz force on the 
conductors.) As we go along, we shall attempt to relate the mechanical behavior to the 
consuuction features, and we shall discuss how that behavior conforms to the design concepts. 

This paper is a summary of two previously published review paper&’ to which we have 
added the data frcm four more magnets. F’reliminary reports on the quench pxfcxmance and the lield 
quality of these nine magnets can be found in Refennces 8 and 9. More detailed discussions on 
how quench performance and field quality are influenced by the mechanical design and behavior will 
be prrsenti elsewhere.‘“~lt 

2 MAGNETFEATURES 

2.1 Baseline Design 

2.1.1 Baseline Design Concepts 

The nine magnets presented here. like their predecessors. follow the 1986 conceptual design’ 
with a 4-cm aperture and a magnetic lcngti of 16.6 m. A cross-sectional view of the cold mass 
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assembly is shown in Figure 1. ‘Ihe dipole field is produced by a two-layer cosine-theta coil that is 
mechanically constrained, both radially and axially, by stainless-steel collar laminations and by 
stainless-steel end plates. Imn yoke laminations, located outside the collars, enhance the magnetic 
field by roughly 20%. The cold mass is completed by an outer stainless-steel shell that delimits the 
region of circulation for the 4.35 K. 0.4 MF’a forced flow of supercritical He. ‘Ihe design current is 
6500 A. corresponding to a central field of 6.6 T. 

Figure 1. Cross-sectional view of the cold mass of BNL 4cm-apetture. 17-m-long 
wlIida dipole ma* prototype (DC-series). 

The fmf full-length collida dipole pmmty-pes that wexc. built (1986-W exhibited excessive 
uaining.1z-14 In c&r to understand this trainiig behavior, subsequent magnets were insrmmented 
with voltage taps on the coil inner layer (10 locate the quench origins).ts and with beam-type 
strain-gauge bxnsducd (to measure the azimuthal pressure exerted by the coil against the collar 
pole).‘6 Shah gauges were also mounted on the external surface of the cold mass shell to measure 
both radial and azimuthal stresses. I7 Several features of the magnet design were then varied to 
determine theii influence on quench performance. In 1988, it was found that the best-performing 
magnets were those with rigid support of the coil ends against the end plates and those where the 
iron yoke contributed to the radial support of the coil by interfering with the collars.*7-‘9 The 
design of the collars and the yoke WBS then modified to ensure that this interference would occur, 
leading to the concept of line-to-befit, the delails of which wen refined tbmughout 1989F” and 
which is now the baseline of the SSC main-ring dipole magnet pmgtam. 

The starting point of the line-to-line fit design is the decision tc make the outer radius of 
the stainless-steel collar laminations the same as the inner radius of tbe iron yoke laminations at 
rcom temperatm-e. During collaring, the coil is squeaed into the collars with a large azimuthal pre- 
compression. After collaring. the coil exertS a large pressure. against the collar poles, and rhe 
collared-coil assembly deflects along the vertical axis, becoming larger than the rated inner diameter 
of the iron yoke. When the yoke is put on, a gap thus remains between its two halves. This gap is 
pmgtessively closed during the welding of the outer shell, which is put under tension and 
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compresses the yoke. After welding, the gap is entirely closed, and the outer circumference of Ihe 
collar and the inner circumference of the yoke tit perfectly. During cooldown, the coil shrinks more 
than the stainless-steel collars, which in nun shrink more tban the iron yoke. The pressure exerted 
by the coil on the collar poles thus deceases. but it remains large enough to keep deflecting the 
collars, thereby maintaining contact with the yoke on the vertical diameter. During excitation, 
azimuthal s@ess is redisbibuted while the coil tends to expand radially, especially at the midplane. 
The collared-coil assembly thus deflecu along the borimntaJ axis and eventually contacts the yoke. 
At high currents, the wllaredcoil assembly thus contacts the yoke on a large perimeter on both 
sides of the midplane, and the yoke provides an exnemely stiff suppon against the radial 
component of the Lorentz force. Also, the yoke defines a clear circular boundary for the wllared- 
coil assembly, which is n&cd to ensure good tield quality. At all times, the gap at the midplane 
of the yoke remains closed due to the compression exerted by the outer shell. 

Having briefly explained the concepts underlying the design of these magnets, we shall now 
review the different components that constitute the cold mass. 

2.1.2 Coil 

The inner layer of the coil contains I6 turns and 3 copper wedges. II is wound from a 1.6’ 
keystone-angle cable of 23 suands (strand dieter 0.808 mm). The OULCT layer contains 20 turns 
and 1 wpper wedge and is wound from a 1.2O keystone-angle cable of 30 strands (strand diameter 
0.648 mm). The strand twist pitch, before cabling. is 13 mm for both the inner- and Ihe outer-layer 
cables: it lengthens to 15 mm after cabling. The inner-layer cable pitch length is 79 mm, while 
that of the outer-layer cable is 74 mm. The insulation for both inner- and outer-layer cables 
consists of a 25.4~pm-thick layer of Kapton.* helically wrapped with a 50% ovalap. completed by 
a 102-to-127~pm-thick layer of epoxy-impregnated fitiglass. wrapped with a 0.5-mm gap. The 
winding of an inner-layer quarter coil requires about 550 m of conductor, while that of an outer- 
layer quartz coil requirea abwt 686 m. ‘Ihe asymmetric copper wedges that are introduced behveen 
some of the coil turns Serve two purposes: 1) they allow fine tuning of the magnetic field’s high- 
order multipole components. and 2) they allow the coil to assume the correct arch-shape by 
compensating for the Leystone-angle of the cables (which is too small). 

2.1.3 collars 

The stainless-steel collar laminations are 1.5 mm lhick and I5 mm wide and are made by a 
stamping process. They are spot-welded in pairs in two configurations, called left and right. and the 
left and right pairs are stacked together alternately into 149.1-mm-long packs. The spot-welding 
was introduced to increase the rigidity of the collars; the left-right stacking was introduced to 
eliminate twist in the wllared-coil assembly. The collar packs are held together by means of two 
stainless-steel tubes flared at one end and located near the collar top, in an area of approximate 
neutral axis. They are locked around the coil by four phosphor-bronze tapered keys (3” taper per 
side, thus 6’ total), which are. driven horizontally into the keyways located near the midplane. The 
tapered keys were preferred to the square keys used on earlier prototypea because they limit Ihe peak 
pressure on the coil during insez’ti~n.~* (There is a 50-m clearance between the key and keyway 
widths, but this has no real significance.) The collaring of a magnet re&~.~ 110 collar packs, 
corresponding to a total of appmximatcly 22,OtXl laminations. 

As described earlier, the wllarcd coil must bc assembled so dut while it is at liquid helium 
(LHe) temperature and is energized, it remains in azimuthal compression and exerts enough 
pressure against the collar to ensure vertical contact with the yoke. In other words, the pre- 
compression of the coil at room temperature must be large enough to compensate for the 

l Kapton is a registered trademark of E.I. DuPont de Nemours & Co. 
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differwws in thermal shrinkage of the various materials during cooldown and for the redistriL?ution 
of azimuthal suess caused by the Lmene force during energization. On the otba hand, if the pre- 
compression is tw - it could degrade the Kapton insulation and create a risk of turn-to-mm or 
coil-to-ground leakages, or even shorts. (Kapton flows easily: it elongates by 3% at mom 
tempcmtme. under a pressure of 69 MI%.) A compromise mast therefore be reached: a suitable 
collaring scheme should limit the peak pressure seen by the coil. while providing enough pre- 
ccmpession to compensate for the aforementioned losses. 

2.1.4 Yoke and Shell 

The iron yoke laminations are I.5 mm thick and 77.47 mm wide and are made of low- 
carbon steel using a stamping process. They am compactly stacked into 146.4~mm-long modules 
and are held together by stainless-steel tubes in otda to achieve a packing factor of about 97%. The 
yoke modulea are assembled amund the collared coil so that the split between the two halves is 
lccaud at rhe midplane (see Figure I). The modules a~ separated by two 1.5~mm-thick stainless- 
steel laminations, which are slotted for He venting (see paragraph 2.2.9. “Cross-Flow Cooling”). 
The two identical keys at the yoke midplane serve two purposes: 1) precise alignment of the yoke 
modules, and 2) correction of the iron satmation effects on the magnetic field. To avoid over- 
constraining the alignment, only one key is used for registmtion, while the other is set loose by 
oversizing the yoke keyway by about 125 pm. (The side of the. laminations with the correctly sized 
keyway is marked by a notch on the outex perimeter.) The wrrection of the iron saturation effects 
will be described in paragraph 2.2.6, “Revised Yoke and Yoke Alignment Key.” The total yoke 
mass in a magnet is approximately 5000 kg. The. outer stainless-steel shell is 4.77-mm thick and 
consists of two halves welded around the. yoLe. The welds are also located at the yoke midplane. 

As described earlier. in order to acate sticient interference between the collared-coil 
assembly and the yoke. the vetdcal diametu of tbc assembly is allowed to become larger than that 
of the yoke. Immediately after Ihc wllared coil is inserted in the yoke. a gap remains between the 
yoke haIves. This gap is expected IO close aa the shell is welded around the yoke and applies a 
tadid pressure on it The question of whuher it is crucial to ensure that the gap is closed at the end 
of shell-welding is widely debated. On one hand, if the gap is closed at room temperature, it wiU 
stay closed in the cold state, for both the wllmed-coil assembly and the outer shell have a larger 
thermal expansion coefficient than the iron yoke (see paragraph 4.2, “Change in Coil Azimuthal 
Compressive Stress During Cooldown”). The boundary of the collared-coil assembly is thus 
always well-detined. and its gcxxnerry should be very reproducible from magnet to magnet, at both 
mom tempxaturc and LHe tempemturc. This should help to contml tbe fEld quality and to obtain 
good correlations between the warm and cold measurements of the multipole components. (If such 
correlations can be established, one can then limit the number of production magnets to be cold- 
tested and can rely on warm measuremenu to assess whether the magnets meet the field 
requirements). On the other hand, if the gap is not closed at mom temperature, there is no 
guarantee that it will close daring cooldown. If a gap remains at LHe temperature, the fmt worry is 
that it would alta the rigidity of the yoke where the radial component of the Lorentz force is the 
largest. However, this is not thought to be. a problem, because as the collared-coil assembly 
deflects along the midplane and comes into contact with the open yoke. the radial stiffness is 
supplemented by a bending stiffness of the yoke halves, which also provides a very good suppon. 
Another worry is that the gap would distort the magnetic field. On a single magnet. the field 
distottion was calculated to lx. significant only if the gap at LHe temperature was larger than 
250 mm. However. if them is a gap, its amplitude varies between the warm and the cold states, and 
one could speculate that on a large sample of magnets these variations could spoil the warm-cold 
correlations cm the multipole components of the field. In order to preserve all the chances of 
getting gwd warm-cold comlations. it seems preferable, therefore, to ensure that the yoke 
midplane gap is closed from the time of the shell-welding. This implies that tbe vtical deflection 
of tbe wllaredcoil assembly most be kept within reasonable limits. 
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2.1.5 End Parts 

Figure 2 presents a cutaway view of magnet DDOO27 end parts. The coil ends maintain the 
same radial dimension as the straight sections. The spacing of the turns is designed to minimize 
the harmonic content of the ends. The main spacers are made of laminated. epoxy-impregnated 
tibe@ss. Additional GIO spacers are also inserted between some of the turns to enforce the ntm- 
to-tom insulation. These spacers were determined empirically to position the conductors in an 
approximate constant perimeter contigutation. Each quarter-coil end is contained by a GlO saddle. 
The axial motion of the G10 saddles at each end of the coil is restrained by a stainless-stezl ring. 
called the backing ring. This ring is pressed on by four screws set in the 38.1-mm-thick stainless- 
steel end plates. The end plates themselves are anchored to a stainless-steel ring. called the bonnet. 
which is in tam welded to the outer shell. The average torque with which the screws are set 
duermines the axial pm-load of the coil. In order to decrease. the magnetic field on the end turns. the 
iron yoke laminations are terminated 47.2 mm before the end of the outer coil suaight section, and 
tbe last h-10 yc&e modules over the coil ends are made of non-magnetic stainless-steel laminations. 
These hminatiom are bonded with epoxy to keep the yoke laminations perpendicular to the magnet 
axis and to avoid “angling” during the sLinning process or due to movement of the end collars 
during axial extension of the coil frcm the L.cw~IQ forces. 

cuter coil 

Inner coil 
J4 

Ski” \ ! 

III ’ Iron yoke 

Figure 2. Cutaway view of rhe non-lead end part of BNL 4-cm-aperwe. 17-m-long 
collider dipole pnxxp. 

2.2 variants 

Having briefly presented the common features of these magnets, we shall now review their 
differences. which are summarized in Table 1. 

5 



Table 1. Variants in Design Features of Most Recent BNL4sm-Aperture. I7-m-long 
Collider Dipole Magnet Prototypes. 

Drsnm Dmrm Don?.4 am01 - - Dmbn OoDMI ccam 

kYz%Ez. 1~44 1.48 1.33 1.53 1~53 1.33 1.29 I.3 1.29 
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*.nx Md TT IAT 
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cd!a,S~ Round Ruxd Rcamd & AmAm & & p-a& p-& 

cdw”~Stnrn Ncrc Hc.w Nc.K Hc.x 76.1 LM- 76.1 pm** Xl um-* 76.1 llm- x2 WI** 
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Y,dcLIMu,,,) 5cQl.l yal.0 x01.2 ,I,,.8 ,,*2.* Jrn.0 1116.9 5119.6 51167 
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22.1 Copper-to&tpzconductor Ratio 

The inner-layer conductors of the DD-series magnets have a nominal copper-lo- 
superconductor ratio of 1.5 to 1. In the case of the DC-series magnets, three of them (DC0201, 
DCO2Ct2. and DCO203) have a nominal ratio of 1.5 to 1: the three others (DCO204, DCO205. and 
DCO206) have a nominal ratio of 1.3 to 1. All the magnets use outer-layer conductors with a 
nominal ratio of 1.8 to 1. The lower inner-layer conductor ratio was employed in order to pursue 
the possibility. suggested by conductor short sample tests, that copper-to-superconductor ratio 
could play a significant role in wining performanc-%p However, as we shall describe elsewhere.‘0 
most of the training quenches of the DC-series magnets originated in the outer layer. and no 
significant differences wat observed in the quench perfomwnce of the inner layer. 

2.2.2 Epoxy Content of Inner Layer Conductor Fiberglass Wrap 

After magnet DCO201. the epoxy content of the fiberglass wrap around the inner-layer 
conductor was decreased from 24% to 20% in weight in order to curtail epoxy buildup on the inner 
surface of the coils. The epoxy content of the outer-layer conductor fiberglass wrap is 24% in 
weight for all the magnets except DCMM. for which it was lowered to 20%. 

2.2.3 Collar Material: Nibunic40 versus High-Manganese Steel 

All magnets use Nitronic-40 stainless-steel collars. except magnet DDO026. which uses 
High-Manganese stainless-steel collars developed by Kawasaki Steel Corporation. The High- 
Manganese steel was tried because its integrated thermal expansion coefticient between 300 K and 
4.2 K is lower than that of Nitronic 40. 1.7 x 10s compared to 3.0 x 10-s. and thus is lower than 
that of the yoke, 2.0 x 10-s. This would seem to allow more even contact of the yoke and the 
collared-coil assembly during cooldow (see paragraph 4.2.1). The yield strength of both kinds of 
steel is 620 Mpa. 
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2.2.4 Collar Shape: Round versus Anti-Ovalized 

Magnets up to and including DDW28 used round collars. The deflection of tie collared coil 
assembly, however, which was measured to be about 250 wrn on the vertical diameter after 
collaring completion, was deemed excessive and was thought to contribute to potential gaps 
between the yoke halves. The DC-series magnets. therefore, employed onti-ovalizcd collars. 
intended to compensate for this deflection. The main difference between the round and anti-ovaiized 
collars resides in the location of the keyways with respect to the midplane. as detailed in Figure 3. 
In the round collars, the keyways are placed so that when the top and bottom collars are joined and 
keyed (with no coil in them), their centers coincide, resulting in a round shape. In the anti-oval&d 
wllm. the location of the. keyways has been moditied so that when joined and keyed, the centers of 
the top and bottom collars are shifted by 254 &tm, reducing the collars’ vextical diameter by the 
same amount. me anti-ovalized collar keyways are also closer to the midplane to enhance the 
rigidity of the exaemity of the collar arms.) 

b) 

K- 
-. / 

3.00” 

/ -.- 3.00” 
b 

5.33 
x K- 9.80 

3.00” x 

3.00” 

1 
/ 4.78 

/ -- 3.00” t 
L 3.000 / 
/ 

\ 3.00’ 
x00- 

Figure 3. Collar key and keyway designs for most recent BNL 4-cm-apertwe. I7-m-long 
collider dipole pxxotypes: a) round collar keyway, b) anti-ovalized collar 
keyway. c) key (the key design is common to the two types of collars). 

22.5 Collar-Yoke Interference 

Tests on DC0201 suggested that the 254~pm reduction of the collar vertical diameter 
permitted the collared-coil assembly to lose contact with the yoke along the vertical axis in the 
cold state. Subsequent magnets. therefore. included 19.05~mm-wide, 76.2-w-thick brass shims 
located on either side of the tabs at the top and bottom of the collared coil assembly. The shims 
were secured witi double adhesive tape about 1COqn thick before compression, and with a tested 
post-compression thickness of less dun 25 mm. 



2.2.6 Revised Yoke and Yoke Alignment Keys 

The round collars used on the DD-series magnets had horizontal tabs at die midplane which 
fitted into grooves punched in the yoke (see Figure 3). These tabs were removed from the anti- 
ovalized collm. and the notches at the midphma of the yoke were replaced by saaight edges. 

Another difference between the DD-series and DC-series magnets is the material of the yoke 
alignment key at the midplane of the yoke. The DD-series magnets use low-carbon magnetic steel 
keys, while the DC-series magnets use non-magnetic stainless-steel keys. This change was made 
following computer simulations that showed it would reduce the iron saturation effects at high 
field. The maximum change in the sextupole harmonic due to non-linear propetties of iron is 
calculated to be less than 0.4 units in the entire range of operation of die DC-series magnets (it 
would be 1.2 units if the keys were magnetic). 23 It was c&dated to be 0.7 units for the DD- 
series magnets. 

2.2.7 Yoke Density 

The yoke design specifications call for a fixed overall length and a fixed overall mass. 
However, in some of the DC-series magnets, spaces developed between the yoke modules because 
of too tight stacking. Extra laminations were then added in order to achieve the specified overall 
length, thus resulting in a higher density. Magnets DC0203 and DC0204 included 7 extra 
laminations per yoke halE magnet DC0205 included 11; magnet DC0206 included 5. The total 
yoke masses for the different magnets am reported in Table 1. 

22.8 Yoke Set Screws 

Magnets DDCKl26 and DDO027 included yoke set screws in addition to the coil set screws 
which push against the backing ring and provide the axial restmint of the coil (see paragraph 2.1.5. 
“End Parts”). The yoke crews were kxated at the periphery of the end plates and pushed directly 
against the yoke. During coolrbwn, the axial thermal shrinkage of the yoke is smaller than that of 
Ihe collarerleoil assembly and the outer shell (see paragraph 4.3. ‘Change in Coil Axial Rre-load 
During Cooldown”). Thus it is possible that in the cold state the yoke set screws could cause a 
bending of the end plate that would bypass the coil set sctmvs and alter the coil axial loading. The 
yoke screws were thus removed fmm DDCCG% and excluded from later magnet designs. 

2.2.9 Cross-Flow Cooling 

All five magnets incorporated a cooling scheme which involves the circulation of He 
between the various cooling passages in the magnet. At set intervals, He is directed horn the top 
yoke-cooling passages to the coil-cooling passage, and fmm the coil-cooling passage to the bottom 
yoke-cooling passages. Thii cross-flow of He perpendicular to the magnet axis allows more of the 
total mass flow to participate in removing heat fmm the synchmuon radiation and in maintaining 
the coil at a suitable tempxatttre.24 The scheme is realizd by panially blocking the hvo top yoke- 
cooling passages at one end and the two others at the other end. thus creating a radii pressure 
difference which instigates the cross-flow; the cross-flow occurs at the stainless-steel laminations 
separating the yoke modules (see paragraph 2.1.4, “Yoke and Shell”). In addition, helium must be 
prevented from leaking from the cross-flow path into spaces such as the loading flat between the 
collar and the yoke. Silicon (RTV) or indium plugs are thus pericniically placed in these gaps to 
obstruct any such flow. 

The blocking of the yoke cooling passages at the magnet ends is realized by inserting a plug 
into a stainless-steel tube mounted between each He cooling passage of the last yoke module and 
the corresponding end-plate hole. On the DD-series magnets, and on magnets DC0201 and 

8 



DCO204. the stainless-steel tubes were tack-welded to the end plates and sealed with RTV into the 
yoke-moling passages as a safety precaution against high He pressure daring a magnet quench. 
However, it was then thought that the RTV sealing might result in a rigid mechanical connection 
between the end platea and the yoke. The tubes could thus be pushing against the yoke in a manner 
similar to that of the yoke set screws, resulting in a similar bending of the end plates. The 
mounting of the tubes was modifted on the subsequent magnets of the DC-series (DCO202, 
DCO203. DC0205 and DCO2C6) to avoid any such risk. 
2.3 Instrumentation 

AU nine magnets have the same standard instrumentation, including voltage taps, main- 
gauge collar packs, bullet gauge assemblies, and temperature sensors. 

2.3.1 Voltage Taps 

The total number of voltage &ps is 41, all of which-except the quarter-coil voltage taps 
used for quench detection-am lcated on the inner layer of the coil. The instrumented turns are the 
three tams of the first block near the pole. and the ftrst turn of the second block adjacent to the 
wedge. Exw taps are also located in the ramp-splice area where the inner-layer conductor ramps up 
to the radius of the outer laya and is spliced to the outer-layer conductor. 

2.3.2 Strain-Gauge Collar Packs 

Magnets DDO027 and DDOO2E are both equipped with two sbain-gauge collar packs. The 
axial locations of the packs are. determined from the azimuthal size measurements that are 
performed after coil coring (see patagraph 3.1.3, “Azimuthal Coil Size Mmsunments”). with one 
pack located near the minimum inner-layer size. and the other located near the maximum. (Since 
the fluctuations in the coil size are coming from non-uniformities in the curing fixture, the axial 
locations of the extrema arc very reproducible from coil to coil.) Each pack contains eight beam- 
type strain-gauge uansducers to measure the azimuthal pressure exerted by the different quarter-coils 
against the collar pole faces. and six compensating gauges--two for the inner layer transducers and 
four for the outer ones.t6 The other magnets have only one strain-gauge collar pack. located at the 
minimum inner-laya size. 

2.3.3 Bullet Gauge Assemblies 

AU nine magnets are instrumented wirh special set screws located at the rerurn end of the 
magnet. Fe return end is the magnet end opposite where the current leads are connected.) These 
screws am machined to accommodate a small cylindrical piece. called the bu/ler. on which strain 
gauges are mounted to measure the force exerted by the coil against the end plate; these are 
designated as bullet gouge assemb~ies.t6 Esch of the four bullets has two active gauges. The eight 
active gauges share two compensating gsuges. 

2.3.4 Temperature Sensors 

The instrumentation of all nine magnets also includes four carbon-glass resistor 
thermometers. two mounted in one of the four He bypass,holes in the lead-end end plate (the lead 
end is the magnet end where the current leads are connected), and the otlxx two mounted in one of 
the four He bypass holes in the return-end end plate. These sensors were added to better track the 
coil temperature. 
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2.3.5 Test Stand Instramentation 

The test stands of the BNL and FNAL test facilities are instrumented to monitor the flow of 
He and other cryogenic pammc4ers. In particular the stand insuamentation includes warm and cold 
pressure transducers at bolh ends of the magnet. 

3 MAGNET ASSEMBLY 

3.1 Coil Assembly 

The four quarter coils are wound and cured separately, then joined during the assembly 
P-. 

3.1.1 Winding 

The coils are wound onto convex. laminated mandrels using the shutrlr-type winding 
machine pictured in Figure 4. The cable is fed from a quasi-static supply spool while the mandrel 
is shuttled back and fotth longitudinally. 23 After the mandrel has travelled one length. the supply 
spool transfers to the other side of the mandrel, which in turn reuaces its path to complete one 
tarn. The mandrel is also rocked azimuthally to ensure a proper lay of the cable, especially at the 

Figure 4. BNL shuttletype winding machine for 4-c*-aperture. 17-m-long collider 
dipole magnet coils. 
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ends. Throughout the operation. the cable tension is maintained constant at about 175 N. For the 
otttex coils. a 75-pm sheu of Teflon and fiberglass-impregnated tape is laid over the mandrel. This 
has been shown empirically to enhance the quality of tie outer coil’s inner stnface which, in the 
final assembly, rests against the inner coil. 

After winding is completed, a 25.4~pm-thick layer of tedlar is wrapped with roughly 50% 
overlap around Ihe coil on its mandrel, to keep rhem together and to facilitate subsequent 
manipulations. Tbe tedlar wrapping also permits compaction and reduction of the radial dimensions 
of the coil ends, where the conductors have a tendency to spring back. It then helps to protect the 
coil, as the coil-mandrel assembly is turned down and laid into the cuing mold cavity. It also acts 
as a mold release at the end of ctniog. 

3.1.2 Coring 

The objectives of curing are duee-fold: 1) to polymexize the epoxy of tbe cable insulation in 
order to make the coil rigid and dw easia to manipulate, 2) to form the coil into the ccmect shape 
and the correct dimensions, and 3) to make the coil as uniform as possible along Ihe coil length. 
Conecmess of the coil dimensions is important for the field quality. Uniformity of the coil is also 
required to achieve uniform pre-compression after collaring. 

Figure 5 shows the bed of the caring press onto which Ihe tedlar-wrapped coil-mandrel 
assembly is Iaid. This bed consists of concave. laminated-steel blccks, consbucted to very accurate 

Figure 5. BNL cuing press and molding fixtures for 4-cm-aperture, 17-m-long collider 
dipole magnet coils. 
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dimensions and calledfonn block. These form blocks can be heated by the circolation of oil. Coil- 
mandrel assembly and form blocks are covered by steel contact parts. called lop hats, which are 
hydraulically pressed. The nominal coring pressure is 50 MF’a 2 15 MPa for both inner and outer 
quarter-coils. ‘Ilw. heating sequence includes several steps. The fmt phase consists in ramping up 
the temperature to 90° C. at which point epoxy enters the gel phase. Measurements of the gaps 
between the form blocks and the top bats are made along the curing fixture to determine the 
azimuthal size. of the coil under the nominal curing pressure. These measummenrs are used to 
determine the thickness of a shim to be insert& between the form blocks and the haLs. The shii 
limits the pressure applied to the coil in order to avoid pmblems such as electrical shons between 
tams. or cable CR strand deformation. The second phase of the operation is the curing itself, doting 
which both tempemtttn and pressure are increased. the former to 135’ C. the latter until the gap 
closes between the form blocks and the top hats. These conditions are maintained for about 
100 min. The last phase is simply cooldown to mom temperature. During the curing phase, the 
ends are also loaded to a nominal face of 8500 N. 

3.1.3 Azimuthal Coil Size Measurements 

When curing is complete, the Mlar wrap is removed, and the coil is separated from its 
mandrel and placed on a stable fixture. A measuring device is used maaoally to compare the 
azimuthal size of the coil to that of a steel block of accurate dimension, called the muter. There am 
two masters-one used for inner-layer coils and one wed for outer-layer coils-which assume the 
design coil sizes. The measurements am taken at intervals of 0.75 m on both sides of the coil 
straight sections, under a pressure of 70 MPa for the inner coil and of 55 MPa for the outer coil. 
Clkse. pressures are the target pre-comptrssions for the collaring.) 

Figure 6 shows a typical example of azimuthal coil size measuremenu as a function of 
axial location for the coils used in magnet DC0204 The four Uaces umespond to the four quarter 
coils. The values are the deviations from the master size of each layer. and. for each position, am 
averaged over the left and right sides of the coil. (A positive deviation indicates a coil size larger 

2”” 

-200 
0 5 1” t5 

Distance from Fsad End (m) 

Figore 6. Azimuthal coil size deviations measured along the four quarter-coils 
assembled in BNL 4cm-apcmre. I7-m-long collider dipole magnet prototype 
DCO204. The deviations are me&wed with respect to steel masters. Each 
point is an avemge between measurements taken at the given axial location 
on both sides of the quarter-coil. 
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than that of the master). Also shown in Figure 6 is the position selected for the strain gauge pack. 
Table 2 summarizes the coil size measurements for all nine magnw. The values are the deviations 
from the master size and are averaged over the length of the two inner aad two outer quanercoils. It 
appears that the coil sizes vary slightly from magnet to magnet, presumably due to slightly 
different cable dimensions or slightly different curing conditions. However, it also appears that for 
a given magnet, the standard deviation does not exceed 50 pm: the uniformity of the coils is thus 
very good. As we shall see, these coil size measttrcmenu arc used to optimize the thicknesses of 
the shims that are insetted between the collar poles and the coils to achieve suitable coil pre- 
compression (see paragraph 3.2.1. “Optimizing the Coil Pm-Compression”). 

Table 2. Avemge Coil Size Deviations, Coil Shim Thiiknesses. and Effective Sizes 
of Coil Packages of Most Recent BNL 4-cm-Aperture, I7-m-long Collider 
Dipole Prototypes (in pm). 

As we shall describe later (see paragraph 4.2.1.3, “Non-Linearity and Temperature 
Dependence of the Coil Mechanical Properties”). tix coil mechanical properties at low pressure are 
highly non-linear. For high pressure, however, the coil stress-strain carve tends to become 1imear,*6 
and an effective Young’s modulus and an effective coil spring rate can be defined Measurements on 
the inner coils of the 4-cm-aperture. 17-m-long dipole prototypes led to a spring rate of 
0.2 MPa/pm in the range of 35-80 Mpa. 

3.1.4 Splicing and Final Assembly 

In the final stages of the coil assembly, the four quarter-coils are encased in Kapton caps to 
minforee the gmtmd insulation and to reduce the risk of flashing between the edges of the conductor 
and the collars. The qwter-coils are then assembled into two half-coils. each consisting of one 
inner and one outer layer. A 50.8~pm sheet of Teflon is inserted between the two layers to smooth 
the interface and create a slip plane. The layers of each half-coil am then connexcd electrically in 
series by what is called a rompsplice. 

The tamp-splice, represented in Figure 7, is formed BS follows. Fit, conductor fmm the 
inner layer pole turn is bent radially in its plane in order to ramp up to the outer coil radius; 
bending begins 14 cm from the end of the inner coil straight section. The conductor is then spliced 
over a length of 76.2 mm to conductor from the outer layer pole turn. using a %% tinA% silver 

13 



solder. me splice length is approximately equal to the average twist pitch of the inner and outer 
layer conductors.) The ramp and splice am then enc& in a GlO holder, 152.4 mm in length. For 
the DD-series magnets, the area where the inner-layer conductor entezs the GlO holder was observed 
as the origin of a large number of quenches. Is Therefore, starting with magnet DCO201. a length 
of conductor from the inner-layer pole turn before the ramp was epoxied to the adjacent turn in 
order to prevent this turn from moving radially inward during collaring. (This is the only place on 
the coil where the turns am not laminated together.) 
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Figure 7. Detailed design of the ramp-splice between the inner and outer layers of a 
BNL 4cm-apextom. 17-m-long collider dipole magna coil: a) aws-sectional 
view, b) cxplodcd view. 

The coil halves, joined now by the ramp-splice. are then assembled around the beam tube. 
made of Nitmnic 40 stainless stezl with a wall thickness of 1.27 mm. llte outer surface of the coil 
assembly is covered by several layers of ground insulation that sandwich the quench protection 
heaters. as detailed in Figure 8. Fit, comes a pair of lOld+tm-thick Kapton caps. Next is a 
25.4~p-thick layer of Teflon, which creates a sliding surface between the coil and the collars. 
Next is another 127~p layer of Kapton, followed by the quepch protection heater assemblies (one 
per quadrant): each assembly consisu of a 101.~mm-thick wpper-clad. stainless-steel strip. glued 
between two 25-pm-thick layers of Kapton. and covered by another 127~~thick layer of Kapton. 
Next are two more 127.pm-thick layea of Kapton. Finally there is a 381~km-thick layer of 
stainless steel, called the collaring shoe. whose purpose is to protect the coil insulation against the 
ripples of the collar laminations. 
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Figure 8. Assembly drawing of the g~oound insulation of a BNL 4cm-apmure. 17-m. 
long collider dipole magna coil. The dimensions am in U.S. customary 
units: 0.001 in = 25.4 pm. 

3.2 Collaring and Keying 

Collaring is one of the most important steps in the magnet assembly. It is during collaring 
that the coil is pm-compressed. and it is this pm-compression which deflects the collars and creates 
the interference with the yoke along the vertical diameter. It is. therefore, crucial to achieve suitable 
precompression and suitable collar deflection in demonstrating the feasibility of the line-to-line fit 
design. Similarly. the design’s feasibility hinges on whether the coil pm-compression and collar 
deflection for real magnets are reproducible enough to make these features part of a production 
process. We shall now describe the details of the collaring technique. then discuss the 
reproducibility of the collating data on our sample of magnets. 

3.2.1 Optimizing the Coil Pm-Compression 

3.2.1.1 Pole Shim. As just stated, one of the goals of collaring is to apply to the coil a 
suitable level of azimuthal compressive stress. The azimuthal pm-compression is achieved by 
squeezing the coil into a cavity smaller than the coil at rest. The level of pm-compression is 
determined by the wil’s size and spring rate and by the arc length of the cavity delimited by the 
collars. However, the coil properties depend on many parameters, including the conductor 
dimensions, the epoxy content of the insulation. and the curing parameters. which in the course of 
an R&D program are deliberately varied. To achieve a reproducible level of pm-compression, the 
arc length of the collar cavity must therefore be varied. Since it is not practical to stamp new 
collars for each magnet, the collars am deliberately designed with cavities larger than necessary. 
Brass shims of adjustable thicknesses, referred to as pole shims, are introduced between the collar 
poles and the coil. The level of coil pre-compression is thus determined by the pole shim 
thickness. 
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3.2.12 Oprimizing rhe Pole Shim Thickness. Since the coil pmpenies can vary, the most 
reliable way to optimize the shim thickness is to mcastue the actual size under pressure of each 
individual quarter-coil before collaring, as described in paragraph 3.1.3 “Azimuthal Coil Size 
Measurements.” Let s,,, designate the measured azimuthal size of a given quarter-coil under a 
pressure. f&. ‘Ihe spring rate of the coil is a non-linear function of the coil stress; however, as we 
mentioned earlier, for pressures in the 35-N MPa range. it can be considered as constant. The 
azimuthal coil size, 5, can then be related to the coil stress. a. and to the coil spring rate, k. by 

u = u,+k(s -s,) . 

To achieve a target pm-compression, G& the azimuthal size of the coil must be 

uo-urn 
5 =s,+ ~ . 

Let I, designate the fued arc length of the collar cavity containing a given coil layer. The 
thickness. 1. of the two identical shims to be inserted between the upper and bottom poles of the 
collar and the quarter-wils of the given layer is determined by 

1, = 5” + St + 2f , 

where s, designates the azimuthal size of the upper quarter-coil of the given layer under the pressure 
a,, and st, the azimuthal size of the lower quarter-coil. 

Table 2 summarizes the coil size measurements of the magnets of interest. The values in 
Table 2 are. in fact, the differewes between the actual coil sizes. sm. and that of the master. s,,, for 
the quarter-coil of the given layer under a compression, 0,. These are averaged over the upper and 
lower qoatter-wils If ld designates the &sign shim thickness, defined BE 

the optimized shim thickness, tO, is given by 

I, = Id - (sm - Sd) . (3 

(ln deriving Eq. (5), we assume that a,,, = oo. If it does not. the sizes would have to be corrected 
using Eq. (2).) 

In practice, however, Eqs. (3) through (5) mast be corrected to take into account the collar 
deformations. As the coil is pm-compressed into the collars. it exerts a large pressure against the 
collar poles. which results in a deflection of the collars along the vertical diameter. As the collars 
deflect, the azimuthal length of the collar cavity increases, which, in turn, results in a decrease of 
the coil azimuthal compressive stress. The amplitude of this effect is not easy to predict, for, as we 
shall describe later. the collar deformations are partially inelastic (see paragraph 3.2.4. “Collar 
Deflection Comparison”). The deformations are nevertheless reproducible, and an empirical 
correction can be derived. 

3.2.1.3 fmp~emeruing the Pole Shims. Whereas in principle it would be possible to take 
many coil size measm-ements and custom-design shims for each individual collar pack, this would 
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considerably increase assembly time. Therefore. in practice. custom-designed shims are used only 
for the packs covering the coil ends or at the axial locations where there are large deviations in the 
coil sizes. For the straight sections, the optimization is done on average over the coil length, and 
an average shim thickness is calculated for each of the coil layers. Trials are then performed in order 
to verify the shim sizing in relation to the target precompreuions. If the target pm-compressions 
are not achieved, the shii thicknesses are adjusted. Table 2 presents the result of this optimization 
for the coil straight sections of the magnets of interest. tJbe target pm-compression is 70 MPa 
for the inner layer and 55 MPa for the outer layer: the design shii thickness is 533.4 pm for the 
inner layer and 660.4 pm for the outer layer.) Shims of the pm-determined thicknesses and of the 
same length as the collar packs are then mounted on the eight faces of the collar poles of each 
pack. In order to avoid sliding during collaring, they are mechanically seared by means of small 
tabs fitting into grcaves in the end of each pack. (To permit an efficient seating, the pack lengths 
are eventually adjusted to that of the shims by means of washers between some of the 
laminations.) 

3.2.1.4 Coil Midplane Position. As mentioned earlier, the current plan is to use shims 
only during the R&D phase of the program. Once the parameters of the design are entirely 
determined and the fabrication process is under control, the shim thicknesses should no longer vary 
fmm magnet to magnet. It will then be a matter of correcting the pole angle of the collars to 
include thii exna thickness. However, experience with the HERA dipole magneu showed that the 
shimming could not be abandoned. for it offers a means to correct for eventual errors in the skew 
quadmpole component of the magnetic tield. n A skew quadmpole component usually arises horn 
a displacement of the coil midplane. The position of the coil midplane is determined by a force 
balance between the upper and Iowa quarter-coils. If a quarter-coil is larger or stiffer than the 
corresponding quarter-coil of the other half (that is, if s, and st are not equal). the midplane is 
shifted, and an asymmeuy is introduced between the coil halves. This asymmeuy resulti in a skew 
quadrupole component. There is no way to control the position of the midplane. except by 
controlling the coil properties. If the coils cannot be made perfectly identical, one can either son 
the coils to assemble matching pairs or partially correct for the differences between s, and s, by 
introducing different-sized pole shims between the upper and lower halves. For instance, let I, and 
rl designate the thicknesses of the upper and lower pole shims. Eq. (3) then becomes 

r, = (S” + I,) + 01 + 4) 

Another equation must be added to express the minimization of the skew quadmpole component, 
which either requires a numerical computation or must rely on empirical data. In the case of the 
SSC dipole magnets. the goal is to impose very tight quality control on the coil fabrication in 
order to produce coils with nearly identical propenies that would not require any soning or 
shimming. The pm-production series magnets will tell us if such a goal is achievable. 

3.2.2 Collaring and Keying 

32.2.1 Description ofthe Process. Once the shims have been installed on the collar packs, 
the packs are placed manoally around the coil and beam tube assembly, starting from the lead end 
of the coil. where the electrical connections are located. The assembly is then placed onto a 
precision, carefully aligned bed against which the collaring press operates. The press itself is about 
2 m long and is moved along the collaring bed, as seen in Figure 9. It is equipped with hvo series 
of hydraulic cylinders. The vertical cylinders are used to press on the top and bottom halves of the 
collar packs until the keyways at the collar sides are almost aligned. The horizontal cylinders are 
then pressurized incrementally to drive the tapered keys into the keyways, as the vertical cylinder 
pressure is incrementally reduced. Once the keys are inserted. the horizontal pressure is released. 
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Figure 9. BNL collaring press for the 4-cm apertwe. 17-m-long collider dipole magnet 
pmtwP=. 

Figure 10 shows typical profiles of the collaring pressores and of Ihe pressure exerted by Ihe 
coil against Ihe collar pole during the assembly of magnet DCMO4, as measmed by the beam-type 
main-gauge. ttansdncus of the stmio-gauged pack. The coil stresses presented here are. averaged over 
rhe four a’snsducers of each layer. As can bc seen in Figure IO. coil compression increases as 
vertical pressure is applied. It is maiotained roughly coostaot doting key insertion. tbeo abruptly 
decreases as the collaring pressures are rekzased. What we referred to earlier as target pre- 
compression is, of cotuse. tbe pre-compnssion that remaios once the collariog is completed. This 
level of pre-compression is achieved by appmpriately sizing the pole shims; but to assemble the 
collared coil. the keys must be inserted. and for a given shim size-or more generally speaking, 
coil pockage size-the key ins&on requires that tbe coil be compressed to a higher level than that 
of the target precnmpreasion. 

Figure 10. Collaring pressores and coil stresses during the collaring of BNL 4-cm- 
aperture, 17-m-long collider dipole magnet prototype DCOZO4. The stress 
data are averaged over the foor coil quadrants. 
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3.2.2.2 Limiting the Coil Ovcrprcssure. As mentioned in the introduction, the peak 
pressure. doting collaring most be limited because it creates a riskof damaging the coil insulation. 
This led to the use of tapered keys2t The advantage of tapered keys over squared keys is that due 
to their taper they can be forced into the keyways without these being perfectly aligned. In the case 
of square keys, both halves of the collar needed to be perfectly joined so that the keyways would be 
folly open before insertion of the keys. But with tapered keys, part of the horizontal driving force 
cao be used to fully open the keyways, and thus to complete the conjmtctioo of the collar halves. 
Because the keyways need not be as open as for the squared keys, less vertical pressure is required 
to start the key insertion, which in tom allows one to limit the peak stress seen by the coil during 
collaring. In the case of 4-cm SSC dipole prototypes. the maximum pressure needed to insert 
square keys can be as high as 140 Mpa. while that to insert tapered keys can be limited to the 
desired 70 MPa. 

Another difference between the square-key and the tapered-key techniques is that the latter 
permits wntml of the spring back of the coUars at the time of the collaring pressure release. This 
spring back comes from the fact that while they am under the collaring press. the collar arms are 
almost stress-free (they see only a small outward bending moment resulting from the coil radial 
pressure); atia the completion of collaring and keying, the coIlat arms of the keyed assembly are in 
tension. At the time of the collating pt’essure release. the collar arms spring back fmm zem into 
tension. This effect is particularly dramatic for the sqoare key collars which are overcompressed to 
fully open the keyways. It can be greatly reduced (and even eliminated) in the case of rapered keys, 
which cao be driven against the loading surface of the collar keyway. thereby pm-tensioning and 
elongating the coIla arms (in the elastic range) as they end up in the keyed assembly. The spring 
back of square key collars is typically between 25 and 35 MPa. and that of tapered key collars 
osualIy less than 15 hfPa. 

A last feature of the tapmxl-key inscxdon methcd is that as the keys load the collar keyways 
and complete the collar halves conjunction, they increase the clamping force on the coil. The 
vertical collaring pressure. can then be decreased accordingly to maintain a wnstant coil pressure 
during the operation. This is clearly ilIosbatcd in Figure 10. where. as the horizontal pressure is 
incrementaIIy applied, the vertical preasttre is incrementally reduced, and both ioner and outer layer 
stresses stay cwstant This also helps reduce coil overpressure during collaring. In practice, a film 
of lead-based lubricant is applied to the tapered keys to facilitate lhei insertion. 

3223 Tapered Key vwslls Square Key Technique. As we described. the prhuy reason for 
using tapered keys is to limit coil overpressotr. during collaring. On the other hand. the main 
objection to dte tapered key technique is that as the keys are inserted and force open the keyways, 
they can distort the keyways or become distorted themselves. This can result in non-uniformities 
on the vertical diameter of the collaredcoil assembly along the magnet length, and thus in 
magnetic field distortions. On the other band, in the case of squared keys, the complete opening of 
the keyways is effected by the vertical pressme.. and the keys could bc inserted virtually by band. 
Thus there is minimal key distortion and minimal risk of non-uniformity. Later. we shall see that 
although the tapered key technique on earlier prototypes led to somewhat erratic distordon~.~s the 
collar deflections are now very reproducible, and there is less concern of degrading the field quality. 

The most serious objection to the tapered key technique that can be envisioned is that the 
horizontal force ttsed to drive the keys in also loads the coil at the midplane. This load is applied in 
an area where the two half-coils can slide on the midplane ground insolation, eventually causing 
the midplane turns to move inward. There is no easy way to prevent this from happening. One 
possibility is to support the coil from the inside by inserting a collating mandrel. Such a technique 
was used for the fabrication the HERA magnets. In the case. of the HERA dipole magnets, the 
collaring process had three main phases. Fist, the collars were pressed onto the coil with the 
mandrel in place and with a vertical force of abwt 2 MN/m. Second, the vertical force was reduced 
to 500 kN/nt. and the wllating mandrel was wbacted. And third, the collars were re-pressed with a 
vertical force varying from 3.5 to 4.5 MN/m. and the stainless-steel pins, which in the HERA 
dipole magnet design are used to lock the collar packs around the coil, were inserted through the 
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holes of the collars laminations. (These stainless-steel pins serve a purpose similar to that of the 
keys in the SSC dipole magnet design.) The application of such a collaring process to the SW 
dipole magnets could eventually help reduce but not eliminate the risk of midplaoe torn motions. 
Indeed. the collaring mandrel would still have to be removed prior to key insertiorr--that is. prior 
to the application of the horizontal force. which eventually causes these motions. 

3.2.3 Coil Re-Compression Comparison 

The target precompressions are 70 MF’a for the coil inner layer, and 55 hPa for the coil 
outer layer at mom tempetahtre. Having described the collaring process, we now need to verify that 
these goals can be achieved and that the eventual fluctuations from magnet to magnet are not 
random. 

323.1 EjjMiw Size of Coil Package. To make cross-magnet comparisons, we need to 
find a sensible way to reduce the data. From what we described above, coil compression results 
from squeezing the coil into a cavity smaller than its size at rest. Fhxtuations in the coil 
compression are. therefore, expxted to originate from differences in the collar cavity sizes and in 
the size. of the coil package itself (and eventoaIly in the coil modulus). Two types of collars were 
used for the magnets described in this pap% mtmd and anti-oval&d. The anti+aIixd collars have 
the same gwmetry as the mend wllars. except that the centers of the top and bottom coUars have 
been shifted widt respect to each odxr by a distance 2a = 254 pm towards the midplane. Compared 
to that of the mend wUars. the arc length of Ihe anti-ovalized collars cavity is. therefore. reduced 
by 20. for both inner and wter layers. On the other hand, the coil package size CM be calculated by 
adding the shim thickttess and the actual quarter-coil size. An appropriate parameter for cross- 
magnet comparisom seems to bc the patamcta nt, defined for each layer by 

m =t+(sm-sd) for mood wuats. 

m =t+&-sd)+a for anti-ovalized collars. C-W 

In the following, we shall refer to m as the efectiw size of the coil package. 

3.23.2 Inner Layer Pre-Compression. Figure 11 presents summary plots of the inner coil 
stress verses the effective size of the inner coil package at various times of tJte assembly and 
testing of the nine magnets described in this paper. For clarity of presentation, the magnets have 
been divided into tvzo series: Figure 11(a) shows the data for magnets DDO026, DDCKl27. DDCHl28. 
and DCO201. and Figure II(b) shows the data for all the remaining DC-series magnets. The 
stresses reported here are those measttrcd in average over the four inner-layer strain-gauge 
transducers; the vahtes of m arc those listed in Table 2 and are calculti from the inner coil size 
measurements at the axial location of the strain-gauge pack. Sqoares mark the peak stress during 
coUarina. and crosses mark the stresses iust aftm collarina: diamonds reuresent data iust before 

the same Coil package sile, the data Of one of the magnets are differenti& from dGbf the other 
by means of armws. For magnets DDC027 and DDOO28, which have two strain gauge packs, the 
two series of data are differentiated by means of the letters FE and FE, which refer to the locations 
of the strain-gauge packs with respect to the magnet ends: FE for the pack closest to dte lead end. 
and RE for the pack closest to the retom end 
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Figure 11. Summary of coil tier layer pre-compressions at various times of 
assembly and testing ~erstts effective sizes of inner layer package for most 
recent BNL 4-cm-apenure. 17-m-long collider dipole pmtotypes: a) inner 
layer using a fiberglass wrap with an epoxy wntent of 24% in weight. 
b) inner laya using a fiberglass wrap with ao epoxy wntent of 20% in 
weight. 7le pcompessitm dab3 are averaged over the four coil qoadrants. 
The effective sizes of the iooer layer packages are calcolated at the 
localions of the strain-gauge packs. 
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Let us first wmment on Figure 1 l(a). Three main features need to be discussed: 1) the peak 
messes during collaring are all below 100 Mpa; 2) there is a stress relaxation between the end of 
keying and the beginning of testing: and 3) despite the dispersion of the after-keying data, the 
beforecooldown data lie on a regular line. As described earlier, one of the main concerns during 
collaring is to limit the coil overpressure. The data presented in Figure 11 show that the BNL 
tapered-key insertion technique allows us to limit this overpressure to a reasonable level. The fact 
that the before-cooldown data am below the after-keying data is surprising. From what we described 
earlier (see paragraph 2.1.1, “Baseline Design Concepts”), we would expect the shell-welding to 
result in an increase of the force exexted by the yoke on the collars. and, thus. in an increase of the 
coil azimuthal compressive stress. In reality, it appears that during the fmt few days following 
magnet assembly the stresses relax, and the amplitude of this relaxation is larger than the stxess 
increase resulting fmm shell-welding. The origin of this relaxation is not yet fully understocxl. 
The most likely came is flow or creep of the Kapton insolation, whose yield point (69 MPa at 
room temperature and 3% elongation) has been locally exceeded. Micrographic observations have 
indeed shown that the Kapton iosulation had a tendency to flow into the voids between the cable 
straods and at the corners of the coil, at both the pole plane and the midplane. It is. however, 
remarkable that at the time of testing. the stresses have stabilized at the fairly reproducible level of 
50-60 MPa, right below the yield point of Kapton. This relaxation is not desirable, of course, but 
it is not thought to be a problem here, since it appears reproducible. Figure 11(a) also shows the 
stresses after c&down. but these data will be discussed in paragraph 4.2.2. “Review of Inner-Layer 
Cooldown Stress Loss Measurement.” 

In comparison to Figure 1 l(a). the data in Figure 11 (b) are more scattered and do not exhibit 
the same clear trends. Fit, it is odd to find that it is the magnet with the largest inner coil 
package, DCO203, that achieves the lowest pm-compression level. Second, the amplitude of the 
stress relaxation ktweett Ihe after-keying data and the beforecooldown data appears to be much 
larger than for the magnets of Figore 1 l(a). llGs larger relaxation results in the fact that all the 
magnets except DC0206 end up at rhe time of testing with a lower stress level than that observed 
in Figure 11(a): around 40 MF’a for magnus DCO202. DCO204. and DCO205, and as low as 30 
Mpa for magnet DCO203. Also, neither the beforecooldown data, nor the after-cooldown data lie 
on regular lines. The only known differences between the magnets in Figure 1 l(b) and in Figure 
11(a) are (see paragraph 2.2, “‘Variants”): 1) the shims that were added at the tops and bottoms of 
the collars, and 2) the lower epoxy conteot of the inner conductor fiberglass wrap (the epoxy 
content was lowered from 24% in weight for the magnets in Figure 1 l(a) to 20% in weight for the 
magnet8 in Figure 1 l(b)). The addition of the collar-yoke shims can only increase the force exerted 
by rhe yoke on the collars, and thus can only result in an increase of coil pm-compression. On the 
other hand, lowering the epoxy content without changing the other parameters of the fiberglass 
wrap is equivalent to replacing matter with void, thus leaving more room for the Kapton to flow as 
well as decreasing the rigidity of the fiberglass tilling. It is rherefore most likely that the difference 
in behavior between the two series of magoeu is due to the change in epoxy content. Of coarse, 
the sitoation depicted in Figure 11(b) is wt desirable. It also demonstrates the extreme sensitivity 
of the mechanical properties of the coil to any change in design parameters. 

3.2.3.3 Outer Layer Prc-Compression. Figure 12 presents the same kind of plots for the 
outer coil stress versus the effective size of tie outer coil package. For clarity of presentation, the 
magnets have been divided into two series: Figure 12(a) presents dte data for the DD-series 
magnets, and Figore 12(b) presents the data for the DC-series magnets. Both plots seem to follow 
trends similar to dtose of Figure 11. There is. however, one striking difference between the data in 
Figure 11 and the data in Figure 12: there is no apparent decWase. in outer-layer stnxs between the 
time of keying and the time of testing. Even in the case of the DD-series magnets, the before- 
cooldown stresses appear to be higher than the after-keying stresses. This would indicate that in the 
case of the outer layer, the sums relaxation that eventually follows collaring is smaller than the 
stress increase resulting from shell-welding. In other words, there appears to be less Kapton flow or 
Kapton creep in the coil outer layer than in the coil inner layer. A plausible explanation for this 
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different behavior is that the outer layer sees much less overpressure doring c0llaring. For instance, 
the peak stresses reported in Figme 12 are all below the yield ~point of Kapton. One can then 
specdate that this limited ovapressore induces less Kapton flow, resulting in very little change in 
the coil azimuthal compressive stress. 
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Figore 12. Summary of coil outer layer pm-compressions at various times of 
assembly sod testing versus effective sizes of outer layer package for 
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a) DD-series magnets, b) DC-series magnets. The pre-wmpression data are 
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We have deliberately separated the foregoing discussions of the inna and outer stress data 
Thii sqmation is of course arbinary, for the collars compress the two coil layers at the same time. 
Figux 13 shows an example of a spring model that could he used to describe the coil/collar 
interaction. If we wanted to be rhonwgh, we would have to add the friction at the interface between 
the two coil layers and at the interface between the coil and the collars. The intcrdepcndence of the 
two layers could eventually explain some of the particularities observed in Figures 11 and 12. This 
is not, however, the place to conduct such an analysis. and we shall therefore limit ourselves to 
whathasab-eadybeenprescnted. 

Figure 13. Spring model describing the wil/colku interaction in the wUaredcoil assembly 
of a BNL 4cm apertute. 17-m-long collider dipole magna prototype. 

32.4 Collar Deflection Comparison 

Having discussed the coil prccompression. the next step is to verify that this pre- 
ccqression results in suitable and repmdocible collar deflections. 

Let us fast defme what we mean by collar deflections. A nominal collar deflection along a 
given axis can be defined simply as Ihe difference between the measured diameter of the collared- 
coil assembly along this axis and the design inner diameter of the yoke along the same axis. There 
is no problem in comparing horizontal deflections of round and anti-ovalized collar magnets. 
because rhey have the same horizontal dimensions. FM the vertical deflections, however. there will 
be an offset of amplitude 20. For cmss-magnet comparison purposes, we shall. therefore, use for 
the vedal deflstim an effective deflection. a, defmed by 

4, = nominal vex&al deflection for round c~llats. (8a) 

ml 

4, = nominal vertical deflection + 2cl for anti-ovalized collars. CW 

Now, tie collar deflections result from simultaneous compression of the inner and outer coil 
layers. The relevant paramua to do cross-magnet comparison of these deflections is. therefore, the 
average stress. q,, defined by 

Q 
a 

= @JiWi+ %Wo 
Wi+WQ ’ 

whae s, and cO designate the inner and outer layer sues& and Wi and w. designarc the inner and 
ontex conductor widths. 

24 



Figure 14 features a plot of the effective verdcal deflections (upper data) and the nominal 
horizontal deflections (lower data) measured along the length of the collared-coil assembly of 
magnet LXZO204. On average, the collared-coil assembly appears to deflect vertically outward by 
about 280 p-t, and to deflect horizontally inward by about 50 pm. Figure IS features a summary 
plot of Ihe effective vertical deflection (upper data) and the nominal horizontal deflection (lower 
data) versus the average coil prewmpression for the nine magnets described in this paper. me 
deflections are measomd at the location of rhe strain gauge packs.) The main feature of Figure 15 
is that the collar deflections appear to bs relatively independent of rhe coil pre-wmpression. This is 
certainly hue for the vertical deflections, which lie within 50 pm of each other. while the average 
precompression varies from 45 MPa to slightly more than 60 MI%. The horizontal deflections 
exhibit more dispersion. This dispersion, however, may be explained by the fact that different 
magnets were keyed with different horizontal pressures. 

The fact that the collar deflections do not relate to the average suess indicates that the 
deformations of the collared-coil assembly are partially inelastic. This inelasticity is probably 
intrcduced by scoring of the tape& key during tie keying procedure described above. However, 
udiie tie earlier prototypes where the scoring of tie keys led to erratic collar deflections.28 it now 
appears dut the wlIad coil can be assembled in or&r to produce a consistent and suitable vertical 
deflection. with a limited. inward horizontal deflection. These inelastic defomutiotts are therefore 
no longer thought to be a problem. They can even be seen as an advantage. since to wme extent 
they decouple the collar deflections from the azimuthal sfless, thus rendering the shape of the 
wllared-coil assembly less sensible to the mechanical properties of the coil. The reproducibility of 
the collar deflections demonstmted in Figure IS is an important step in demonstrating the 
feasibility of the line-to-Iine tit design. 
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Figure 14. Effective vertical defh~tions and nominal horizontal deflections measured 
along the colbml-coil assembly of BNL 4<m-apenore. 17-m-long collider 
dipole magnet pmtotyp DC0204 
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Figure 15. Summary of effective verdcal collar deflections and nominal horizontal 
collar deflections versus average coil pre-wmpressions for most recent 
BNL 4sm-apenun. I7-m-long collider dipole prototypes. l%e deflections 
are measured at the location of the strain-gauge packs. lie pre- 
canpmsion data ate avmged over the four coil quadrants. 

3.3 Yoke-Stacking and Shell-Welding 

Yoke-stacking and shell-welding operations are straightfotward. First, the bottom yoke 
halves are StaCked and aligned on a precision plate. Alignment bars are inserted duough the 
ekarical bus slot, and tie rods are drawn through the yoke tube holes to hold the modules together 
(both the bars and the rods are removed at the end of shell-welding). ‘Ihe bottom half-shell is then 
assembled around the bottom yoke, and yoke and shell are rotated 180’. Next, the collared-coil 
assembly is laid into the bottom yoke halves and is covered with the top yoke halves and shell. as 
depicted in Figare 16. The two shell halves an clamped with stainless-stwl clamps, called bond 
clamps. Thcsc are tightened until the gaps between the two shell halves on each side of the 
magnets are reduced to 1.5 mm. The two halves are then tack-welded every 30 cm. and the band 
clamps are removed. Last, the gaps between the shell halves are tilled up by two successive 
welding passes, called the roof pass and thefinol pars. Welding is done manually by two welders, 
one on either side of the cold mass, who try to stay in step with one another, as shown in Figure 
17. The welding rod mat&al is 308L stainless steel. 

As we describe throughout the paper, the key idea of the line-to-line fit design is to 
assemble the collared coil so that it will interfere with the yoke on the vertical diameter. The fmt 
step in verifying dmt this interference occurs is to measure tie collar deflections. The second stop 
is to verify that a gap remains between tie two yoke halves afta they are placed around the collared 
coil assembly. On rhe other hand, as we also described earlier (see paragraph 2.1.4. “Yoke and 
Shell”), a gap at the yoke midplane is undesirable in the cold state because it could eventually alter 
the rigidity of the support against the radial component of the Lm’enta force. A conservative 
solution to this problem is to ensure that the yoke gap is closed at mm temperature. by the end of 
shell-welding. The closure of the yoke gap is thus monitored throughout the welding process 
through small openings of a few centimeters, left every 2 m along the welding path to allow 
insertion of feeler gauges. 
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Figure 16. Yoke-stackiog operation on a BNL 5-cm-aperture. 15-m-long collider 
dipole magnet pmtotyp. The operation is similar on a 4-cm-aperture 
prototype. 

Figurc 17. Shell-welding operation on a BNL Scm-apermre, Em-long collider 
dipole magnet pmtotype. The operation is similar on a 4-cm-aperture 

prototype. 

Table 3 presents a summary of the yoke gap history during shell-welding of some of the 
magnets described in this paper (the. values are averaged over all measurements. on both sides of the 
cold mass). It can be seen that for the DD-series magnets. which use round collars, a small gap 
remains after the shell-welding. It WBS to correct for this gap that anti-ovalized collars were 
designed. Indeed, magnet DCCCOl, which was tbe frst magnet to use anti-ovalized collars, shows 
no gap at the yoke midplane. in the case of DCOZOI. however. the gap appears to be closed from 
the beginning of assembly. This raises the question of whether there is an adequate yoke-collar 
interference on the vertical diameter. It is to resolve this uncertainty that shims were added at the 
top and bottom of the collared coil assemblies of the subsequent DC-series magnets. The data for 
magoeu DC0204 and DC0205 show that the combination of ami-ovalized collars and collar-yoke 
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shims produces the desired effect on the yoke midplane gap: it is wide open at the beginning of 
yoke assembly, ensuring the existence of a yoke-collar interference. and it is closed by the end of 
shell-welding, providing the best assurance that it will stay closed throughout cooldown and 
energization. The yoke midplane gap can tbos be controlled. and it can be verified during assembly 
that it is correctly open or closed. These two facts constitute another step in demonstrating the 
feasibility of the iii-to-line fit design. 

Table 3. Average Yoke Gap History During the Shell Welding of Most Recent BNL 
4cm-Aperture. I7-m-long Collider Dipole Prototypes (in pro). 

PIG-Tack Tack Root Final 

DDO027 270 140 90 50 

ZtE 2!0 160 0 ill t 
DC3205 330 I50 50 0 

3.4 End Plates 

The last phase of the assembly is mounting of the end plates and setting of the screws. 
which load the coil ends axially. The fm screws to be mounted are those of the return end. which 
contain the bullet gauge assemblies. The four set screws are tightened until tbe bullet gauges 
register the desii axial pnhad. The. toque. value needed to reach this pre-load is noted, so that the 
screws at the other end of the magnet, which does not contain bullet gauge assemblies, can be 
tightened to the same torque value.. (The seuing of the additional yoke su screws mounted on the 
eodplatesofmago~DDC026andDDOO27wasnotworded.) 

The fast column of Table 4 summarizes the total axial pre-loads (summed over tbe four 
bullet gauges) as measured at the end of the assembly of the nine magnets described in this paper. 
The pre-load setting for the DD-series magnets and magnet DC0204 was 4.5 kN total. On 
subsequent magnets, the se.tting was increased in order to compensate for the unexpwedly large 
loss observed during cooldown (set paragraph 4.3. “Change in Coil Axial Pre-Load During 
Cooldown”). It Was raised to 7.5 kN on magnets DC0201 and DCO202. It reached 9.5 kN on 
magnets DC0203 and DCU205. Finally. magnet DCQ206 was set to 35 kN, 

Table 4. End Forw M easwm~aus After Assembly and Before Cooldown on Selected 
BNL-BuilL 4-cm-Aperture, I7-m-long Collider Dipole Magnet Prototypes. 

After Afbx 
Assembly Mounting on 

w-4 Test Staod 
odri) 

DDOtY26 4.6 8.3 
DDO027 5.0 11.2 
DLXO28 4.4 14.6 
DC0201 7.5 6.8 
DC0202 7.9 14.0 
x0203 9.5 16.4 

4.9 8.6 
xv205 9.9 12.7 
lx0206 35.9 45.2 
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The second column of Table 4 lists the total end-force registexed by the bullets just before 
cooldown of these magnets, after they have been mounted on the test stand. Although these 
measurements are taken at mom temperature and before any exercise of the magnets. tbe values 
appear widely spread and 2-m-3 times higher than they were at the end of assembly. The reason for 
this increase has not yet been folly investigated. but it is probably related to shriokage effects 
induced by the welding of the bonnet (see paragraph 2.1.5. “End Pans”) to the so called single- 
phase bcknvs of the test stand. (The bellows connect tbe magnet cold mass to the end can of the 
test stand for He distribution.) Of cota’% these. erratic changes are. not desirable. However. they are 
not thought to be a pmblem for the cold-testing of the magnets, because they all correspond to an 
increase of axial pre-load. As long as this increase is limited and does not create a risk of shorts at 
the coil ends, it can only improve the axial support of the coil. 

3.5 summary 

In this section. we reviewed the fabrication processes of the nine most recent BNL 4-cm- 
apxture. 17-m-long SSC dipole prototypes. For each step of the fabrication (coil winding and 
curing. wllaring. yoke-stacking and shell-welding, and mounting of end plates), we discussed the 
parameters that need to be controlled (coil size, coil azimudul pn-compnxion, collar deflections. 
yoke midplaoe gap, and coil axial pre-load), and we compared their values for the nine magnets. 
Although it appears that the level of the coil pre-compression achieved for the magnets using a 
fiberglass wrap with an epoxy content of 20% in weight is lower than expected, and although the 
coil axial pre-load appears to be dramatically affected by the welding of the magnets on the test 
stand, tbe assembly data are coherent and in line with the design concepts that were developed. 
Especially. it appears that the vetical collar-yoke interference. which is the conwstcme of the line- 
to-line tit design, can be controlled and can be made reproducible from magnet to magnet. Having 
discttss.ed the magna assembly. the next step is to see whether these satisfactory data nanslate into 
the expected mechanical behavior during cold-testing. 

4 MAGNET COOLDOWN 

4.1 lntrcduction 

Tbc fnt important step after magnet assembly is cooldown from mom temperature to LHe 
temperature. During cwldown. the various parts that constitute the magnet shrink with different 
themml expansion coefficients. In the azimuthal direction, the coil is expect& to shrink more than 
tbe stainless-steel collars. In the radial diition. collars made of Nitmnic-40 stainless steel shrink 
more than the iron yoke, while High-Manganese steel collars shrink less. And last. in the axial 
direction, the coil is expected to conbact less than tbe outer steel shell. which, in tom. is expected 
to shriek more than the sopposcdly monolithic iron yoke. These tbemul shriokage differentials 
result in changes in coil azimuthal compressive stress and coil axial loading. If not controlled, they 
can lead to a situation where the coil is not sufficiently suppoti doring excitation. Also. as there 
are large frictional forces involved, some parts of the magnet cold mass can be prevented from 
shrinking as much as they would, resulting in stress lock-ups. Tberc is then a risk that these stress 
lock-up could be released daring excitation. leading to heat dissipation and unexpected quenches. 

In this section, we shall attempt to summarize the cooldown data from the nine magneu 
considered in this paper. Tbe data repotted here are those measured by the two types of strain 
gauges described in paragraph 2.3, and which are monitored throughout cooldown by a slow data 
logger system. However, the strain gauges themselves are very sensitive to tempetatute.t6.3’JJt 
To convert the gauge outputs into stress or force, we therefore need to use calibrations at the 
ccamsponding temperature. In practice. the gauges are calibrated only at rwm temperature and LHe 
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temperature. The suess or force can thus be accurately computed only at these two temperatures. 
We shall therefore limit our analyses to the before- and after-cwldown values. and we shall not 
consider the intermediate temperatures. The section will be divided into two paragraphs, in which 
we shall successively discuss the change in coil azimuthal compressive stress and the change in 
coil axial loading. Fiit we shall try to predict the sign and amplitude of the change, and then we 
shall review the actual data As we did for the assembly, we shall try to determine if the cooldown 
data are reproducible from magnet to magnet, and. if they are not we shall try to explain the 
differences and to find wrrelatio~ with specific magnet features. 

4.2 Change in Coil Azimuthal Compressive Stress During Cooldown 

42.1 Predicting the Cooldown Suess Loss 

Three effects have to be taken into consideration to estimate the change in coil azimuthal 
compressive stress during cooldown: 1) the thermal shrinkage differential between the coil and the 
coilars in the azimuthal and radial directions, 2) the thermal shrinkage differential between the 
collar and the yoke steels in the radial direction. and 3) the non-linearity and tempemttue dependence 
of tbe coil mechanical properties. Let us fust discuss these tbnx effects then estimate the 
cooldown stnzs loss. 

42.1.1 Thermal Shrinkage Di~erenrid Between Coil and Collars. The rhermd expansion 
coefficient of the coil in the azimuthal direction. integrated between mom temperature and LHe 
temperature. tq. was measured to be 4.5 x 10J, compared to 3.0 x 10J for Nitronic-40 stainless 
steel. and 1.7 x 10e3 for High-Manganese stainless ~tee.1.~~ Daring cooldown. the coil thus 
shrinks more than the collars. This shrinkage differential resulu in an apparent increase of the arc 
length of the collar cavity, Al,. An upper limit of the increase. AI,,, can be estimated by 
assuming that there are no frictional forces between the coil inner layer and coil outer layer. and 
between tbe coil outer layer and the collars. ‘Ihis upper limit is expressed as 

Al Im = (a, - a,,) ‘0 ’ 

where ass is the thermal expansion coefficient of the collar steel. integrated between room 
temperature and LHe temperatm, and 10 is dw. arc length of the collar cavity at mom temperature 
(lo = 64.3 mm for the coil inner layer, and lo = 55.4 mm for the coil OULQ Layer). 

Typically, 

!% = 1.5 x 10-3 
‘0 

for Nitmnic40 steel collar magnets, and 

L!!lm- 
‘0 

- 2.8 x 1O-3 for High-Manganese steel collar magnets. 

In the absence of friction, the apparent increase of the arc length of the collar cavity resulting from 
the thermal shrinkage. differential between the coil and the collars is thus expected to be 87% larger 
for High-Manganese steel collar magnets than forNitronic-40 steel collar magnets. 

4.2.1.2 Thermal Shrinkage Differenfiol Bern&~ Collar md Yoke Steels. At room 
temperature. the magnet is assembled in such a way that there is a perfect tit between the outer 
surface of the collared-coil assembly and the inner surface of the yoke. However, the thermal 
expansion wefftciwt of the yoke. low-carbon steel, integrated buween rwm temperature and LHe 
temperature, was measured at 2.0 x 10e3, compared to 3.0 x lo.9 for Nitronic-rlO stainless steel, 
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and 1.7 x 10-s for High-Manganese stainless steel. 32 Thus, during cooldown. the iron yoke 
shrinks differently from tbe collars. This thermal shrinkage differential will influence the collar- 
yoke iit, evenDully resulting in a change of the shape of the wllaredcoil assembly. 

Let us fast consider the case of the Nitronic40 steel collars magnet. During cooldown. the 
inner diameter of the iron yoke is expected to become larger than the outer diameter of the collars. 
As it shrinks away, the yoke leaves some room for the collared-coil assembly to spring back along 
the vextical diameter and to assume the oval shape it had prior to yoke-stacking. If we assume that 
the yoke midplane gap is always closed, the spring-back is accompanied by a stretching of the 
collar cavity, eventually resultbtg in a decrease of the coil azimuthal compressive stress. An upper 
limit of the increase in arc length of the collar cavity resulting from tbe thermal shrinkage 
differential between the yoke and collar steels, Al,, can be estimated by assuming that there is no 
loss of vex&al contact. and no frictional forces behveen the collars and the yoke. So we have 

Abm = (%, - =,J 4, forNiuonic40 steel collars. UW 

where ay is the thermal expansion coefficient of the yoke low-carbon steel. integrated between 
rootn temperature and LHe temp-xature, and d, is tbe inner diameter of the yoke at room 
temperature(~$ = 110.8mm). 

Typically. 

!YztQ= 
b 

1.7 x 10-3 

$E= 2.0 x lo-3 

for coil inner layer, and 

for coil outer layer. 
‘0 

Fa Nibunic40 steel collar magnets, the effect of spring-back of the collared-wil assembly inside 
the yoke, due to tbe thermal shriokage differential between the collars and the yoke in the radial 
direction, is thus expected to be 13 to 33% larger than the effect of the thermal shrinkage 
differential between thz coil and the collars in the azimuthal direction 

Let us now consider the case of High-Manganese steel collar magnets. During cooldown. 
the iron yoke is expected to shrink more than the collared-coil assembly. If, at room temperature, 
we started with a perfect tit between the outer surface of the collared-coil assembly and the inner 
inner surface of the yoke, the differential thermal shrinkage results in an increase of the radial 
prcssun exerted by the yoke onto the collars. This increase in radial pressure is eventually 
supported by the collared-coil assembly. and the outer radius of the collared-coil assembly is 
reduced. A reduction in radius results in an apparent decrease of the arc length of the collar cavity, 
causing tbe coil azimuthal compressive suess to increase. An upper limit of the decree in arc 
length of the collar cavity resulting from the thermal shrinkage differential between the yoke and 
collar steels, A& can be estimated by assuming that the yoke midplane gap is always closed and 
that the yoke is infmitely stiff. It is expressed as 

Al,, = (a,. - 5) ‘0 

Typically, 

for High-Manganese steel collars. (lib) 

Al,, - = -0.3 x 10-3 
‘0 

for both inner and outer layers. 
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For High-Manganese steel collar magnets. the thermal shrinkage differential between the collars 
and the yoke in the radial direction is thus expected to partially compensate for the large thermal 
shrinkage differential behveen the coil and the collars in the azimuthal dixrction. 

4.2.1.3 Non-Linearity and Tempcratwe Dependence of the Coil Mechanical Properries. 
Typical stress-strain curves. measured on straight stacks of SSC-type conductors, can be found in 
References 26. 33. and 34. The data in Reference 33 are for conductor stacks using the Kapton- 
tiberglass insolation scheme described in this paper (see paragraph 2.1.2); tbe data in References 26 
and 34 are for conductor stacks using a whole Kapton insulation scheme (with no fiberglass wrap). 
However, the measurements for the two kinds of insulation are in good qualitative agreement, and 
can be summarized as shown in Figure 18. Let us fmt comment on the room-temperatom. curve. It 
appears that there is a large hysteresis between the loading branch of the curve (top) and the 
unloading branch of the curve @nom). It also appears that both the loading and unloading 
branches of the hysteresis are non-linear. and that in the pressure range of interest (10 < d 5 70 
MPa), they can be fitted by a second-order polynomial. Let us oow wmment on Ihe liquid nitrogen 
(LNZ) temperature ewe. It fust appears that the LN, curve lies above the mom temperature curve. 
indicating an increase in coil stiffness. There is still an hysteresis between the loading and 
unloading branches of the curve. but the amplitude of the hysteresis is lower than at room 
tempemturc. And fdy. as was also the case. at room tempzature. both the loading and unloading 
branches of the hysteresis are non-linear and can be fitted by a second-order polynomial. It thus 
appears that at any temperature. both the loading and the unloading branch of the coil stress-strain 
curve can be fitted by a relation of the fonn: 

u = A(T)t++B(T)& +C(T) foru.lOSa 57oIWa. (12) 

where oand cdesignate the coil stress and strain. and A, B. and Care three temperature-dependent 
parameters. (In theory. the C coefficient should be zero. but in practice. the zero-deformation 
position of an experimenral s&up is never known accurately. The measurements are thus only 
reliable above a certain level of deformation. Hence. when fitting the experimental data. the points 
near zerc-snain a~ excluded, and the fitting polynomial can end up with a non-zero C coefficient.) 

Figure 18. Typical stress-strain curves measured on a straight stack of SSC-type 
insulated wnductors at morn and LN2 temperatures. 
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Having explained how the coil mechanical properties are expected to vary, the next step 
would be to put numbers on Ihe coefficients A. B. and C. (Note that for estimating the cooldown 
changes. we are interested only in the unloading branch of the stress-strain curve.) The problem, 
however. is that there are very few low-temperature data available. The experiments carried out in 
References 26 and 34 were purely qualitative, and the only low-tempaanrre meawrements presented 
in Reference 33 were performed on a stack of outer-layer conductors. To proceed, then, we need to 
make some assumptions. The outex layer conductor data of Reference 33 show that for the 
unloading branch of the stress-strain curve, the LN, curve is not that much different from the 
morn-temperature corve. In the following. we shall therefore. neglect the influence of temperature, 
and take for A. B, and C tbei mom-temperature values. By titling in the range 10 MF% 5 u 5 70 
h4Pa the unloading branch of the mom-temperature stress-strain curves given in Reference 33, we 
obtain for the coil inner layer: 

A = 1.1 x 106~~a, B = -5100 MPa. and C = 15.0 Mpd. 

and for the coil outer layer 

A = 1.lxl06~pa. B = -3400MPa and C = 8.0 Mpa. 

4.2.1.4 Stnxs Lws Computation. Having discussed the three effects to be considered, we 
can now go back to the stress-loss computation. Let Ed and cc designate the coil strain at mom 
temperature and LHe temperature. If we a.%ume that there. are no frictional forces. the change of 
sues during cooldown. Aq. can be estimated a~ 

Aq = tik)-QI.Q . (13) 

Combining F.qs. (12) and (13). and assuming that tbe parameters A. B. and C do not depend on the 
tempwuure yields. 

Au, = AAE~(~E,+A&,) +BAe , (14) 

wherekc is the change in coil strain during cooldown. 

The mm temperature strain, G, can easily be. derived from the mom temperature stress. 
uw, by using Eq. (12). It is expressed as 

E, = 
-B+qB2-4A(C-U,) 

2A 

Combining Eqs. (14) and (15) yields 

Aua,=26A& u,v+ j/T +AAcc2 , 

for 

10 hPa 5 Us + Au, and rr, 57OMPa 

With the parameter values given above. we obtain for the coil inner layer 

(16) 
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AuC = 2.1 x lo6 AE, da, - 9.1 x 106 + I.1 x 1012 Acc2 , 

and for the coil outer layer: 

A& = 2.1x 106AEc du,- 5.4 x 106 + 1.1~ 1012 Ak2 

It thus now remains to estimate A&. 
From what we previously calculated, the change in snain during cooldown, AE,, is given by 

Al 
A,c=-%~ , 

'0 ‘0 

where AI, is the change in arc length of the collar cavity resulting from rhe thermal shrinkage 
differential between the coil and the collars, and Al* is the change in arc length of the collar cavity 
resulting fium the thermal shrinkage differential between the collars and the yoke. Neither Al, nor 
Al2 can be calculated accurately because of unknown frictional forces at the various interfaces of the 
system. However, in either case, an upper limit of the absolute value of the change can be 
estimated. Combining these upper limits thus enables us to determine an upper limit of the change 
in strain during cooldown. A&,, Fmm Eqs. (10). (11). and (17), we see that 

A’lltl AC, = - - - 
'0 

for Nitronic40 steel collars, and VW 

A&, = - A’I~ - = - ( a, - a,,) 
IO 

for High-Manganese steel wllars. (1W 

Introducing these expressions of A&m into !?.q. (16) allows us to determine an upper limit of the 
change of stress c&down, Au,. 

To compare with these maximum values, it is interesting to consider two other limiting 
cases. For the Niuonic-40 steel collar magnets. it is the change in stress calculated with the 
assumption that there is no spring-back of the collared-coil assembly inside the yoke. This change 
iSeXpV.Wd~ 

A4 = - ‘+ = -(q-a,,) 

For the High-Manganese steel collar magnets, it is tbe change in suess calculated after taking into 
account the increase of radial pressure on tbe collared-coil assembly due to tbe larger thermal 
expansion coefficient of the yoke. We have 

AE, = - A!lm- 
‘0 

Ah = - ( a, - a,,) 
‘0 

The continuous and dashed lines of Figure I9 present the plots of the maximum cwldown 
stress losses for tbe coil inner layer of Niuonic-40 and High-Manganese steel collars magnets, as 
calculated by combining Eqs. (16) and (18). The continuous and dashed lines of Figure 20 present 
the same plots for the coil outer layer. The dotted and dot-dashed lines of both Figures 19 and 20 
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present the plots of the expected cooldown stress losses as calculated by combining Eqs. (16) and 
(19). It appears that due to the quadratic form of Eq.(12). AuC is expected to decrease quasi-linearly 
with increasing uW. It also appears that due to the eventual large spring-back of the coUared-coil 
assembly inside the yoke, Nitronic-40 steel collar magnets have the potential to lose more pre- 
cmnpression during cooldown than High-Manganese steel collar magnets. 

0, I, I 

0 20 40 60 80 
Inner Co” stress at Room Temperature (Wpa) 

Figure 19. Changes in the azimmbal pressure exerted by the coil inner layer against 
the collar pole during the fa% cooldowns of the ma% recent BNL 4-cm- 
aperune. I7-m-long collider dipole magnet prototypes as a function of the 
before-cooldovm pressures. The pressure data are averaged over the four 
coil quadrants. The various lines represent analytical predictions. 
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Figure 20. Changes in the azimuthal pressure exerted by the coil outer layer against 
the collar pole during the fmt cooldowns of the most recent BNL 4-cm- 
aperture, I7-m-long collider dipole magnet prototypes as a function of the 
beforecooldown pressures. The pressure data arc averaged over the four 
coil quadrants. ‘Ihe various lines represent analytical predictions. 
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4.2.2 Review of Inner Layer Cooldown Stress Loss Measurements 

The stress values before and after the fust cooldown of the nine magnets described in this 
paper are summarized in Table 5% Figure 19 presents a summary plot of the cwldown suess 
losses as a function of the before cooldown stresses. while Figures 11 shows the morn tempuatttre 
and LHe temperature stresse.s as a function of the effective sizes of the coil inner-layer package. 

Table 5a Summary of Average Inner Coil Stress Measurements on Selected BNL- 
Built, 4-cm-Aperture. 17-m-long Collider Dipole Magnet Prototypes 
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The main features of Figure 19 arc: 1) all the Nitronic-40 steel collar magnets but one 
(magnet DCO206) lie approximately on the same line, and this line is parallel to that computed 
using the combination of Eqs. (16) and (Isa), and 2) the High-Manganese steel collar magnet 
(magnet DDOO26) lies below the line; chat is. it has apparently lost more pm-compression than the 
Niuonic-40 steel collar magnets. Let us fist comment on the Niuonic-40 steel collar magnets. 
The fact that the cooldown wess losses measured on all but one of these magnets increase quasi- 
linearly with increasing mom-tempcratttre suess is a confirmation that, in tbe pressure range of 
interest, tie coil stress-strain curve has the quadratic form suggested by !Zq. (12). l%e fact that tbe 
line defmed by these magnets lies above, and is parallel to, the line computed by using Eqs. (16) 
and (18) is also quite satisfactory, especially if one considers that we neglected the. influence of 
temperature on the coil suess-strain curve, and that, to parameterize the mom-temperature curve, 
we used data that were taken in a relatively crude experiment. The data in Figure 19 tbtts show that 
for a first-cut estimation of the cooldown stress loss. a tit of the unloading branch of the mom- 
temperature shws-shaio curve is good enough. There is yet no clear explanation of why magnet 
DC0206 behaves differently fmm the other magnets. As we shall see in paragraph 5.2.2. it also 
exhibils a peculiar behavior during excitation. The peculiarity of the stress measurements during 
both cooldown and excitation leads tts to suspect that sometbiig was wrong with the mounting of 
the strain gauge pack itself. 

Let us now comment on the High-Manganese steel collar magnet. From the change in 
strain calculated in paragraph 4.2.1.4. we would have expcctcd tbe negative thermal shrinkage 
differential between the coil and the collars to be partially offset by the positive thermal shrinkage 
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differential between the collars and yoke steel, thus eventually resulting in a smaller c&down 
stress loss than for the Niuonic40 collar magnets. The data in Figure 19 show that such is not 
the case. It also appears that, unlike the Niuonic-40 steel collar magnets, magnet DDO026 lies 
below the maximum cooldown sucss-loss curve computed by using the combination of Eqs. (16) 
and (18b). The measured cooldown suess loss on the High-Manganese steel collar magnet thus 
appears to be larger tbao expected. One possible explanation for this discrepancy is that it is 
introduced by tbe measuring technique. In other words, we suspect Utat in the case of the High- 
Manganese steel collar magnet, the mounting of the inner-layer beam-type strain-gauge transducers 
amplifies the cooldown stress loss. Indeed, for the inner layer, the whole pole part of the collar 
laminations supporting the beam is cut in order to host a solid and accurately EDM’d stainless- 
steel base. However, the stainless steel used for, the base and the beam is A286. whose thermal 
expansion coefficient, integrated between mom temperature and LHe tcmperatwe. was measured to 
be 2.9 x lo-s.32 The base sqpxting the transducer, and tbe transducer itself. thus shrink more 
than the pole part of the adjxettt High-Manganese steel collars. resultittg. at LHe temperature, in a 
pamlIe misalignment of the face of tbe beam with respect to the pole face of tbe adjacent collars 
(the angle of the beam is not expected to change). Studies have shown that such parallel 
misalignment could eventttally result in relatively large errors in the stress measurements. To 
determine whether the excessive shrinkage of the strain-gauge transducer mounting base is really 
the cause of the larger loss meawrement would require further experimentation. Having no more 
expzimental facts available, we shall therefore limit ourselves to the conclusion that for the High- 
Manganese steel collar magnet of Figure 19, there are some questions about the reliability of the 
m.casttmmettts. 

Let us now go back to Figure 11. In paragraph 3.2.3.2, we divided the nine magnets of this 
paper into two series. The first series inclttdcd magnets DDO026. DDO027. DDOO28. and DCO201. 
They were characterized by the fact that their befon-cooldown s!nsses exhibited a linear correlation 
with their coil inner-layer package sizes. Tbe second series included magnets DC0202 and 
following, and was characterized by the fact dtat tbeii before-cooldown strwes were lower than for 
tbe fmt series of magnets, and they exhibited a much weaker cotrelation with their coil inner-layer 
package sizes. The data in Figure II(a) show that with tbe exception of magnet DDO026. tbe after- 
cooldown stresses for tbe magnets of tbe fmt series also lie on a regular line. (llw fact that magnet 
DDO026 lies below the line is consistcat witb the observation made in Figure 19 that the High- 
Manganese steel collar magnet seemed to lose more azimuthal compressive sUess during cooldown 
than the Niuottic-40 steel collar magnets.) The data of Figure 1 I(a) indicate that if magnets are 
assembled in a reproducible way, they end up after cooldown with a reproducible level of coil 
azimuthal pre-compression. Ott the other hand, if there are fluctuations in the way they arc 
assembled, we are not surprised to find. as in Figure II(b), that they end ttp after cooldown with 
inconsistent levels of pre-compressions. It is, nevertheless, comforting that the fluctuations in ttte 
room-temperature pre-compressions of tbe second-series magnets do not jeopardize the correlation 
observed in Figure 19. In otba words, even though the room-temperature pre-compressions arc wt 
consistent, the cooldown losses are reproducible and are consistent with those of the fust-series 
magnets. 

4.2.3 Review of Outer Layer Cooldown Stress Loss Measttrements 

The cooldown data for the outer layer of the nine magnets described in this paper are 
summarized in Table 5b and on Figure 20. The changes during cooldown appear more erratic than 
for the inner layer, and they do not follow the same magnet-to-magnet pattern. Two reasons can bc 
found to explain this more erratic behavior: 1) the outer-layer s!min gauge mcasttremen~ may be 
less reliable than those of the inner layer, and 2) tbe compression of the outer layer by the collars 
may be influenced by tbe inner layer. 
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Table 5b. Sttmmary of Average Outer Coil Stress Measurements on Selected BNL- 
Built. 4-cm-Apertme. 17.m-long CoUider Dipole Magnet Prototypes. 

La us fmt discuss the reliabiiity of the stress measttremenu. The stress data presented in 
Tables 5a and 5b are average vahtes over the four coil quadrants. However, for most of the magnets 
the standard deviation of the four outer-layer pressures is much larger than that of the inner-layer 
pressttres. me most dramatic case is magnet DDW27, widt a standard deviation of 11.7 MPa for 
the outer-layer presstres after coaldown, compared to 2.3 MPa for the inner-layer presstues.) ‘Ibis 
difference can possibly arise from the mounting of the beam-type strain-gauge transducers 
thwuelves. As we have already described, in the case of the inner layer the whole pole part of the 
colIar laminations supporting the beams is cut in order to host a solid and accurately EDM’d 
stainless-steel base.16 In the case of the outer layer. the beams am also mounted against a solid and 
accmately EDM’d backing plate. but the bachiig plate itself rests against a laminated surface. The 
roughness of this surface does not allow a perfect alignment of the beam. eventttaIly leading to 
asymmetries between the fotu qttadrants. Of course, this larger spread of the outer stress data raises 
questions about the reliability of the mean vahtes given in Table 5b. 

The question of the infhtence of the inner layer on the outer-layer pre-compression was 
already discttssed in paragraph 3.2.3.3. As the collars are. mounted around the coil, they compress 
the two layers simuhaneously. The two layers can therefore be considered as two parallel springs, 
as represented in Figure 13. The balance of forces in the collared-coil assembly thus depends on the 
respective vahtes of the two spring rates. If the inner-layer spring is stiffer, it dominates the outer- 
layer spring and determines the vertical deflection of the collars. and thus the azimuthal 
compressive stresses. Another influence which was not discussed in paragraph 3.2.3.3 is that both 
the inner layer and the collars apply a radial pressure on the outer layer. Because of Poisson’s ratio, 
UC.3 radial pressore tends to increase the arc length of the coil outer layer, eventttaIIy resulting in an 
increase of azimtttbaI compressive stress. Also, the. radii1 pressure inuodttces ErictionaI forces at the 
interface between the two coil layers and between the colt outer layer and the collars that can 
prevent the outer layer from moving freely. AU these mechanisms result in variations of the outcr- 
layer pro-compression, which could explain the poor correlation observed in Figure 20. 

On the other hand, it is interesting to note that in Figure 12, ahhottgh the room-tempcramre 
stresses did not exhibit any clear correlation to the effective sizes of the outer-layer package. the 
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LHe-temperature smxw.s end up showing some kind of correlations. especially for the DC-sties 
magnets. These correlations. however, should be viewed with caution because of the large error bar 
on each data point, and we shaU not elaborate on their significance. 

4.3 Change in Coil Axial Pm-Load During Cooldown’ 

4.3.1 Predicting the Cooldown Change 

Predicting the change in coil axial pm-load during cooldown is not as sbaightfonvard a~ it is 
for the coil azimuthal compressive suess. As we described in paragraph 2.1.5. the coil is loaded 
axially by means of screws that are set through the end plate. The end plate itself is anchored to a 
stainless-steel cylinder. called the bonnet. which is welded to the outer shell. During cooldown. the 
end plate is thus expected to follow tbe shrinkage of the outer shell. Let us fmt ignore the presence 
of the iron yoke. The change in coil axial pre-load during cooldown is then determined by the 
difference in thermal expansion coefftcients in the axial direction between the coil and the outer 
shell. The thermal expansion coefficient of the coil in the axial direction. integrated between room 
temperature and LHe tcmpemture. was mcasttred at 2.5 x lW3, compared to 2.9 x 10e3 for the outer 
shell ~tee.1.‘~ In this situation. the outer shell tbtts shrinks more than the coil, and the coil axial 
pm-load is expected to increase during cooldown. Let us now take the imn yoke into consideration. 
The yoke laminations used for the nine magnets described in this paper were compactly stacked so 
that the yoke would behave mechanically as a monolith (see paragraph 2.1.4). During magnet 
assembly, the outer shell is welded around the yoke (see paragraph 3.3). The welding puts the shell 
into tension, and the shell then applies a radial pressure on the yoke, eventually closing the yoke 
midplane gap. llte radial pressure results in high frictional forces at the interface between the yoke 
and the shell. During cooldown. the shell tries to shrink more than the monolithic yoke. whose 
integrated thermal expansion coefficient between room temperature and LHe temperature was 
measured to be only 2.0 x 10-3.32 However, the high frictional forces at the interface prevent the 
shell from doing so. The frictional forces thus result in an apparent stretching of the outer shell in 
the axial direction in order to match the thermal shrinkage of the iron yoke. In this situation, the 
change. of axial pre-load during woldown is determined by the difference in thermal expansion 
coefficients in the axial diition between rhe coil and the iron yoke. From the aforementioned dara. 
the axial pre-load is thus expected to decrease during cooldown. In reality. the yoke is not purely 
monolithic, and pan of the differe.ntiaJ tbemtal shrinkage between the yoke and the shell is used to 
close gaps between the yoke laminations. The change in axial pm-load during cooldown is thus 
expected to vary from magnet to magnet. depending on the amount of frictional forces between the 
yoke and the outer shell. and. eventttally. on the yoke-packing factor. 

4.3.2 Review of Axial F’re-Load Measuremenu During Cwldown 

Tite coil axial pm&ads. as measured by the bullet gauges before and after the fust cooldown 
of the nine magnets discussed in this paper. are reported in Table 5~. For all but one magneg the 
axial pre-load decreased during the fmt cooldown. The magnet with increasing pm-load is magnet 
DCO201. which used anti-ovalized. Niuonic-40 steel collars, with no shims between the collars 
and the yoke. Magnet DC0201 was thus the magnet which was expected to have the lowest vertical 
interference between the collar and the yoke. Also, it was the only magnet of the series whose yoke 
midplane gap was measured to be closed at the end of the yoke-sucking, prior to the shell-welding 
(see Table 3). Therefore, the band clamps used to hold the two shell halves in place around the 
yoke in preparation for welding tequircd less tension than on other magnets, resulting in a lower 

l Analyses of the axial mechanics are preliminary. 
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Table 5~. Summary of Total End Force Measurements on Selecled BNL-Built 4sm- 
Aperture,l7-m-Long Collider Dipole Magnet Prototypes. 

Map * Mar Mu Bdm Fvul wm cd&i 
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Cmldorn wmwp Sk..@ Sk?+ LraiemEb hWkW.d 
lkN, m, WI (LNhN, (WWI elm lPm1 

radial pressure cm the yoke. (As described in pamgmph 3.3. the band clamps are tightened until the 
gap between the two shell halves on each side of the magnet is 1.5 mm.) These two facts are 
consistent with low frictional forces at the interface between the yoke and the shell, which could 
eventually account for the observed increase of coil axial pre-load during cooldown. For all other 
magnets, the yoke midplane gap was measured to be open at the end of the yoke-stacking. To 
achieve the same gap between the shell halves, the band clamps therefore needed more tension, 
resulting in a higher radial pressure on the yoke. After shell-welding, this higher radial pressure 
rest&cd in a larger paimeter of contact between tbe shell and the yoke, and thus higher frictional 
forces at the interface. This is consistent with the observed decrease of axial pro-load during 
cwldown. Also, one would expect the amplitude of this decrease to be somewhat related to the 
vuticaI cdar-yoke interference at room temperature. since it is the vertical collar-yoke interference 
that de&mines the tension to be put on tbe band clamps to bring the gap between the shell halves 
to the required value of 1.5 mm. Let i, designate the vertical collar-yoke interference at room 
temperature. As we described in paragraph 3.2.4. the diameters of the collaredsoil assembly are 
routinely measured after the completion of collaring. Let d, designate the measured vertical 
diameter. Assuming that the yoke midplane gap is entirely closed at the end of shell-welding. i, 
cm be estimated as: 

i, = 4 - d,. for magnets with no collar-yoke shims, 

i, = d, - dy + a,, for magnets with collar-yoke shims, ww 

where dy is the vertical inner diamwr of the iron yoke, and I,.,. is the thickness of the shims that 
were added on the top and bxtcm of the magna after and including DCl3202 (see paragraph 2.2.5). 
Figure 21 presents a summary plot of the change in axial pm-load during tbe ftrst cooldown of the 
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nine magnets described in this paper as a function of the vertical collar-yoke interference at room 
temperature. (The value of i, is that calculated in average over the magnet length.) The cooldown 
data appear to correlate relatively well with i,, and they follow the expected h-end: the larger the 
coIIar-yoke interference at room temperature, the larger the frictional forces between the yoke and 
the shell, and rhe larger the decrease of coil axial pre-load during woldown. 
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Figure 21. Changes in the force exerted by the coil against the end-plate loading 
screws during the fast cooldowns of the most recent BNL 4-cm-aperture. 
17-m-long collider dipole magnet prototypes as a function of the warm 
collar yoke itttetferenw. The force data are summed over the four loading 
saws. The interference is calculated in average over the magnet length. 

As we have sezo. the changes in axial pre-load reported in Table 5c can be qualitatively 
explained. However, one can notice that the LHe temperature values are more scattered than what 
could be explained by these changes. This is because the room-temperature values were already 
scattered. As we described in paragraph 3.4. the axial pm-load is set during assembly to a nominal 
value. However, as the magnu is mounted on the test stand, bellows are welded at the periphery of 
the bonnet, connecting the magnet cold mass to the He distribution. This welding induces a 
distortion of the bomter. resulting in an increase of axial pm-load that greatly varies from magnet 
to magnet. Aside from the fact that it is not reproducible. this increase is not thought to be a 
problem. since it goes in the direction of better axial loading. On the other hand, the fact that the 
axial pre-load can decrease during cooldown. and the fact that the sign and the amplitude of the 
change depend on a friction coefficient, are more worrisome, for it is difficult, if not impossible, to 
predict the axial pre-load level at LHe temperature and to ensure that this level wiU be sufftcient. In 
the case of magnet DDC027, for instance, the axial pre-load at LHe temperature ended up being 
very small, p&taps leading to poor quench performance. In order to avoid this situation, the setting 
of the end force was progressively increased on subsequent magnets. Studies are also underway to 
understand the influence of the yoke-packing factor on the change in axial pre-load during 
woldorm. 

4.4 Summary 

In this section, we reviewed the cooldown data for the nine most recent BNL 4-cm-aperture, 
I7-m-long SSC dipole prototypes. For both the coil azimuthal compressive stress and the coil 
axial loading. wrrelations were found between the changes during cooldown and specific assembly 
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features which could qualitatively account for the observed differences between magnets. For the 
coil inner-layer. the cooldown stress loss appears to increase with ittcreasing room temperature 
stress, as can be expected from the non-linearity of the coil stress-strain curve. The sign and the 
amplitude of the change in coil axial pre-load appear to depend on the warm collar-yoke. 
interference, as can be expected fmm frictional effects at the interface between the yoke and the 
outer shell. However, despite the consistency of the cooldown changes, it appears that coil axial 
pm-load, and. to a lesser extent, the coil pm-compression, end up being relatively spread at LHe 
temperature. The origin of this spread is to be found in the magnet-tc+magnet variation that already 
existed at mom temperatum. 

5 MAGNET EXCITATION 

5.1 Intr&Kxion 

The Lmentz force has dree main components which are applied to the coil as the magnet is 
energized: 1) an azimuthal component, directed from the pale to the midplane. which tends to 
compress both the coil inner and outer coil layers, and to unload the collar pole: 2) a radial 
component, directed outwardly. which tends to bend the coUars. with a maximum deflection at the 
midplane; and 3) an axial componenL alsn directed outwardly, which tends to sttetch the coil at the 
ends. As we described all along. the magnets are designed and assembled in order to provide good 
support against these three components of the Lorentz force. To compensate the effects of the 
azimuthal component, the coils are pm-compressed azimuthally at mom tempemture. To enhance 
the support against the radial component. the collars and Ihe yoke are made to fit at room 
temperature. so that at LHe temperature and full excitation the deflecting collaredcoil can come 
into contact with the yoke around the midplane. And last, the coil is prevented from moving 
axially by the use of chick end plates. (The effects of the axial component of tbe Lorent? force are 
also redttced by sharing the force between the collaredcoil assembly and the interfering yoke and 
shell.) It is now time to analyze the behavior during excitation of the nine magnets described in 
this paper in order to determine whether the design goals have been achieved. 

The data reported here are those measured by the two types of strain gauges described in 
paragraph 2.3. They were taken during specific cUrrent cycles called srruin-gouge runs. A stmin- 
gauge nm consists of tamping the current step-by-step up to a maximum value. then down to zero. 
and reading out the stmin gaugu at each step; the step increments are usoally equally spaced in 
current squared. (Tlte fit magnet excitation after cooldown to a current of the order of the 
operating current is always a strain-gauge run.) We shall successively discuss dte change in the 
azimuthal pressure exerted by the coil against the collar and the change in the force exetted by the 
coil against the end plate. As we did for assembly and cooldown. we shall try to determine whether 
the excitation data are reproducible from magnet to magnet, and if they are not we shall try to 
explain to explain the differences and fmd cotrelations with specific magnet features. 

5.2 Change in the Azimuthal Pressure Exerted by the Coil Against the Collar Pole During 
Excitation 

52.1 Predicting tbe Change in Azimuthal Pressure During Excitation 

As we described earlier. tlte main effect on the pressure exerted by the coil against the collar 
pole is expected to be that of the azimuthal component of the Lorentz force. This component being 
directed from the pole towards the midplane. the pressure against the collar pole is expected to 
decrease as a function of current. Also. since the Lorentz force is proportional to the product of the 
current, I. by the field, and since the field itself is proportional to the current, the decrease is 
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expected to be linear in current squared. In the following we shall therefore always plot the pressure 
measttrementS as a function of current squared, and we shall look at the slope of the pressure versus 
12. (h’ote that the operating conditions wrrespond to approximately 42 kAz.) 

5.22 Review of Inner Layer Pressure Measurements During Excitation 

522.1 Example of Typical Change During Exciration. Figure 22 presenu an example of 
typical change in the inner-layer pressure as a function of current squared daring an excitation of 
magnet DCOZW. The four traces correspond to the pressures measured by the four beam-type 
strain-gauge transducers (one for each quadrant). The arrows indicate the up and down-ramps of the 

Figore 22. 
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Changes in the azimuthal pressare exerted by the coil inner layer against the 
collar pole during an excitation of BNL 4-cm-apxtttre. 17-m-long collider dipole 
magnet prototype X0204. The four traces correspond to the four coil quadrants. 

It appears that at low currents, the pressure exerted by the coil against the collar pole 
decreases linearly versus current squared. This is consistent with what WBS expected from the 
Lmentz force. As the current increases, however. the pressure flattens out and eventually reaches a 
constant level. The flattening of tbe pressure can in part be explained by the non-linearity of (he 
coil stress-strain curve described in paragraph 4.2.1.3. The fact that at high currents the pressure 
does not change while the Lorene force is still increasing indicates that the collar pole tmloads and 
that the average pressure exerted by the coil against the pole face becomes zem. t.The non-zero 
values measmtd by the gauges mast result from offsets intrmitrxd by differences benveen the active 
and compensatinggauge reference resistance values.) In the following, we shall refer to rcnlooding 
current, defined as the current at which the slope of the inner-layer pressure versus fL becomes less 
than 10% of the initial slope. 

5.2.2.2 Cross-Magnef Comparison. The unloading of the coil inner layer illustrated in 
Figure 22 is typical of the magnets discussed in this paper. Figure 23 presents a summary of the 
inner-layer pressure versus P plots for the nine magnets of interest. For clarity of the presentation, 
the magnets have been divided into two groups. Figure 23a presents typical plots for magnets 
DDO026, DDCO27, and DDOO28, while Figure 23b presents typical plols for the remaining DC- 
series magnets. For each magnet, the pressore.? are averaged over the four coil quadrants and only 
tbe cttrrent up-ramp data am displayed. Aside from magnet DDO027. which was excited up to 
7200 A without its inner-layer pressures reaching a plateau. all magnets exhibited unloading. The 
unloading currents, summarized in Table Sa. range from 60X A to 7300 A. 
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Figure 23. Summary of the changes in the azimuthal pressure exerted by the coil 
inner layer against the collar pole during excitations of the most recent 
BNL 4-cm-apermre. 17-m-long collider dipole magnet prototypes: 
a) DDseries, and b) DC-series magnets. The prcsmre data are averaged 
over the four coil qtladmnts. 

Originally, this unloading was not intended: it had not been observed in magnets prior to 
magnet DDW19.t8-20 A prime reason why the actual magnets exhibit such behavior. while tbe 
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earlier prototypes did not, is that their level of inner-layer pre-compmssion at LHe temperature is 
much lower: 20 hIPa for magnet DCO204, compared to 55 hPa for magnet DW017. Another 
reason is that for most of the recent magna, the initial slope of the pressure vemus 12 is larger: 
0.78 MPakA2 for magnet DCO204, compared to 0.56 h4Pa/kAz for magnet DMX)l7. The level of 
cold precompression is determined by the precompression at room temperature, which is itself 
controUed by the Utickneess of the brass shims inserted during assembly between tbe coil and the 
collar pole (see pamgntph 33.1). Magnets after and including DW019 were deliberately assembled 
with a Iowa pre-compression to avoid overstressing tbe coil insulation during collaring. Thus. 
obtaining a lower level of precompmssion in the cold state is not surprising. On the other hand. 
the slope of the stress versus f2 was expected to depend only on the azimuthal component of the 
Laenlz force, and was not expected to vary signiticandy from magnet to magnet 

Let us look more care.~lly at Figure 23. In Figure 23a. it appears that for high currents 
(above 5000 A. let tts say). the three curyes are parallel. However, for lower currents, the slopes for 
magnets DDO027 and DDOO28 appear to be larger than for magnet DDCO26. On Figure 23b. it 
appears that the initial slopes for magnets after and including DCV202 are of the same order, while 
the initial slope of magnet DC0201 is larger. The initial slope values are also summarized in 
Table Sa. Overall, the smallest slope is observed for magnet DDOO26, which uses round, High- 
Manganese steel wUars: 0.52 hPt&Az. The largest is that of magnet DCO201. which uses anti- 
ovalized, Nitmnic-40 steel collate 1.05 hPa&A2. The other magoeLcwhich use either round. 
Nitmnic-40 steel wllars, or anti-ovalii. Nitronic-40 steel collars. with shims at the tops and 
bottom s-occupy an intero-iediite position, with slopes between 0.7 and 0.8 hPa!kAz. The 
dependence of the slope on the collar contigmation suggests that it may be related to the wllar- 
y&e inteJf~ce. 

52.23 lnflut-ncc of Collar-Yoke Intcrfcrcncc. There is no practical way to directly measure 
the collar-yoke interference at LHe temperatore. but it can be estimated. In paragmph 3.2.4, we 
described how the diameters of the collaredcoil assembly were routinely measured after completion 
of collaring, and in paragraph 4.3.2. we explained how these measuremeru could be used to 
estimate the vertical collar-yoke interference at roam temperature, i, (see Eqs. (2Oa) and (2Ob)). 
Assuming that the yoke midplane gap remains closed during cooldown. the vertical collar-yoke 
inteafemnce at LHe tempemtme, iB. can be e.%imated to be 

where a, and u,, are tbe themtal expansion coefficients. integrated between room temperature and 
LHe temperature of the collar and yoke steels, and d, is the inner diameter of the yoke at room 
temperature. (In the computations. tr, is taken to be 3.0 x 1P3 for Nitmnic40 steel and 1.7 x 
1W3 for High-Manganese. steel, c+ = 2.0 x 10-3, and 

7 = lloii mmJ Figure 24 presents a sommary plot of the initial s opes of the inner-layer pressure verstts P 
as tt function of the estimated vertical collar-yoke interferences at LHe temperature. For each 
magnet, the dope is calculated on avetage over the four coil quadrants. (For magnets DDOO27 and 
DDO028. which were equipped with two strain-gauge packs, we selected the data from the pack 
located at the minimum coil size location.) The collar-yoke interference is that calculated from 
Eqs. (20) and (21). using the vertical collar diameter measured at the axial location of the strain- 
gauge pack. To the data of the nine magnets described in this paper, we added the dam of all the 
previously built. line-fo-fine fir design magnets. This includes magnets DDOO16. DDOOl7, 
DDOO18, and DDOO19. Magnets DDOO16. DDOO17. and DDOO28 use round, Nitmnic-40 steel 
collars. while magnet DDOO19 uses round. High-Manganese steel collars. The four magnets were 
assembled with a high room-temperatore pre-compression, resulting in large vertical collar 
deflections. With the exception of magnets DDCHll8 and DCO206, which are slightly off, all 
magnets appear N lie on the same line, showing a strong correlation between the initial slope of 
the psrstm versus P and the vatid collar-yoke interference. 
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Figure 24. Cormlation between the initial slopes of the average inner-layer stress 
vems cm-rent squared and the estimated collar-yoke interferences at LHe 
tempaature of the most recent BNL 4<m-aperture. 17-m-long collider 
dipole magnet pmtotypes. The slopes are averaged over the four coil 
quadrants. The interference is calculated at the axial location of the strain- 
m&F pack 

522.4 Eqhining the Iylwnce of the Collar-Yoke Interference. ‘Ihe strong sensitivity of 
the inner-layer pressure on the vertical collar-yoke interference was not expected, and there is not 
yet a fall understanding of why it happens. One plausible explanation is BS follows. As described 
earlier, in the body of the magnet the Lorentz force has two components: I) an azimuthal 
component, which tends to compress the coil towards the midplane. and 2) a radial component. 
which tends to bend the collars outward. and which is maximum at the midplane. If the yoke is 
tightly litted to the wllars, it provides a qui-infinitely stiff support against the radial component 
of the L.orentz force. The collars do not bend, and the unloading of the collar pole results only from 
the compression of the coil under the azimuthal component of the Lorentz force. On the other 
hand. if the yoke is not tightly fitted to the collar, there can be a gap between the collar and the 
yoke, extending over a certain angle on both sides of the midplane. During energization, the wllars 
bend and the coil deflects accordingly, with a maximum displacement at the midplane. The arc 
length of the coil Ums increases. resulting in a decrease of azimuthal compressive stress. In this 
case, the initial unloading of the coil from the collar pole results from two causes: 1) the coil 
compression under the azimuthal component of the Lorentz stress, and 2) the coil bending under 
the radial component of the Lorentz force. This second factor accelerates the initial rate of 
unloading of the collar pole, resulting in a higher slope. 

The amplitude of the bending moment that stretches the coil depends on the angular extent 
of the gap between the collars attd the yoke with respect to the midplane. The larger the angle, the 
larger the bending momen‘ Rather than looking at the gap on both sides of the midplane. one can 
also look at the perimeter of contact between the collar and the yoke on both sides of the pole 
plane. The smaller the perimeter, the larger the bending pomenL If we assume that the yoke 
midplaoe gap is always closed, the perimeter of contact is completely determined by the amount of 
vertical interference between the collar and the yoke: the larger Ihe interference, the larier the 
perimeter. This shows that the amplitude of the bending moment should bc a decreasing function 
of the vertical collar-yoke interference. Because the azimuthal component of the Lorentx force is 
not expected to vary from magnet to magnet. the slope of the inner layer stress should follow the 
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same dependence as the bending moment and be a decreasing function of the estimated vertical 
collar-yoke interference at LHe temperature, which is in qualitative agreement with what is 
observed in Figure. 24. (On the other hand, as the current increases and the collars bend, the 
perimeter of wntact between the collars and the yoke increases, resulting in a decreasing bending 
moment. The bending moment eventually becomes nil as the collars touch the yoke at the 
midplane. This decrease of the bending moment is another factor conaibuting to the flattening of 
the inner-layer stress observed in Figures 22 and 23 at high currents.) 

If the above description is cotrect, the slope of the inner-layer stress provides an indirect 
measmement of the perimeter of contact between the collar and the yoke, and thus of the wllar- 
yoke interference at LHe temperature. The fact that magnets DDOO19 and DDOO26 have the 
smallest slopes conforms with our expectation that the use of High-Manganese steel should 
provide a tight tit between the collars and the yoke. The fact that magnet DC0201 has the largest 
slops cwfvms our fear that the 2.54~ptn reduction of the collar vertical diameter might be excessive 
and that the collared-coil assembly might be loose inside the yoke at LHe temperature. The fact 
that the earlier round, Nittonic steel collar magnets. DDOO16 and DDOO17. have smaller slopes 
than the later magnets of the same design, DLXXt27 and DDO2& is wnsistent with the higher coil 
pre-wmpmssion and the larger collar deflections observed during assembly. And last, the fact that 
magnets DCO202, DCO203. DCO204. and DC0205 have a slope similar to that of magnets 
DDOO27 and DDOO28 shows that the shims that were added on the the collars of magnets 
following DC0202 acted mechanically as they were supposed to; that is. they increased the vertical 
collar-yoke imetference in orb N make a magnet originally designed as DC0201 behave like a 
mund-collar magnet In tlte case of magnet DDOOl8. the collar laminations were ground thinner 
than for magnets DDoo16 and DDOO17 in order to make tighter collar packs. These tighter packs 
enhance the rigidity in the radial direction, resulting, during excitation, in a smaller bending 
moment. thus a smaller slope than for a magnet assembled in the usual way with a similar collar- 
yoke interference. This could explain why magnet DDOO18 lies below the line of the other 
magnets. As for magnet DCU206. it already am that the stress loss measmed during cooldown 
did not follow the trend of the other magnets (see paragraph 4.2.2). which led us to suspect that 
something was mong with the mounting of the strain gauge pack itself. 

5.225 Coil Unloading and Quench Performance. We shall describe elsewhereto how the 
quench perfommttce is affected by the bending of the collars and the unloading of the coil inner 
layer. One cm. however, already mention that the coil unloading does not have the dramatic 
influence one might think it would have. As we said earlier, in the body of the magnet the Lorene 
force can be resolved into two componcttts: one radial and one aximuthal. The radial component is 
maximum at the midplane, but it exists on all the turns of the coil, including the pole turn. The 
pole turn is normally in contact with the face of the collar pole; the radial component of the 
hmk force, although small, intmdttws shear stress at the interface of the two. On the other hand 
the azimuthal component Of the bcnk force compresses the coil toward the midplane. The pole 
turn thus tends N part from the face of the collar pole, and the frictional forces at the interface 
decrees. As the shear stress ittcteases and the frictional forces decrease. the risk of conductor stick- 
slip motion, eventually leading N quenches, increases. All the magnets described in this paper 
exhibited naining quenches that originated in the inner-layer pole turns. at currents of the order of 
or above the unloading cttrrents. However, they all reached a plateau within a few percent of the 
estimated short-sample current limit, and all could be operated at low temperatures--thtts higher 
force levels-without major problems. This shows tbat although unloading cannot be ruled out as 
a cause of some of the ttaining quenches, it is not a major threat to the magnet operation. 

A possible explanation for why unloading does not necessarily translate into bad quench 
perfwtmttce is that it may be only partial. Indeed, the beam-type strain-gauge transducers measure 
an average pmssttte. while there can be a large gradient across the collar pole face. As an 
illttsnation, Figure 25 shows the results of a collaring experiment that was performed on a coil 
sample in which sheets of pressure-sensitive paper were inserted between the two coil layers and 
the collar pole, and behvwn the upper and lower coil halves at the midplane. It appears that at both 
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the pole and the midplane. the darkness of the impression varies along the conductor width, with a 
maximum at the inner edge of each layer. This says that the maximum pressure recorded by Ihe 
paper during the experiment is radius-dependent, and presumably. that there is always a pressure 
gradient across the coIl.ar pole and the coil midplane. Let us assume that such gradient exists at 
LHe temperature. It is then thinkable that during energization one edge of the coil inner layer starts 
to unload from Ihe collar pole. while the other edge remains fully loaded. This partial loading may 
be sufficient to prevent the conductors from moving and to maintain good quench performance. 
(One of the -ns for the stress gradient observed in Figure 25 is that the brass pole shims used 
in these magnets -see paragraph 3.2.1-are. not tapered. so that the arc length of the collar cavity 
is smaller at the inner radius than at the outer radius.) 

bl 

,.,. ,... - .., 

Figure 25. Impressions of pressure-sensitive papers during a collaring experiment on 
a 4cm-apemu-e coil sample: a) across the face of the inner-layer pole turn. 
b) across the face of the outer-layer pole turn. c) acmss the coil midplane. 
The darker impressions correspond to the inner edge of each layer. 

5.2.3 Review of Outer Layer Pressure Measurements During Excitation 

5.2.3.1 Typical Example of Change During Excimion. Figure 26 presents a typical 
example of the change in outer-layer pressure as a function of current squared during an excitation 
of magnet JX0204. The four hace.s correspond to the pressures measured by the four beam-type 
Stan-gauge transducers (one for each quadrant). ?he arrows indicate the up and down-ramps of the 
current These data are from the same strain-gauge run as that of Figure 22. Despite the fact that 
they are widely spread. the four hates appear to be roughly parallel. This indicates ti although 
one can have some doubt about the absolute values of the gauge readouts, their dynamic responses 
are consistent They show that, in a manner similar to that of the inner layer. the outer layer has a 
tendency to unload from the pole. but the amplitude of this unloading is relatively small. The main 
reason for this smaller unloading is that the integral of the azimuthal component of the Lorent 
force over the outer layer is much smaller than for the inner layer. 

48 



0 ,‘,,“‘,1’,,,,“,,,“,‘,‘,,,, 
0 to 20 30 40 50 60 

llagnet current square* (lo\‘) 

Figum 26. Change in the azimuthal prssurc exerted by the coil outer layer against 
the collar pole during an excitation of BNL 4-cm-aperture, 17-m-long 
collider dipole magnet prototype DCO204. The four @aces correspond to 
the four coil quadrants. 

5232 Cross-Magnet Comparison. Figure 27 presents a summary of the outer-layer 
pressure versus p plots for the nine magnets described in this paper. As for Figure 23. which 
presented a similar summary for the inner-layer pressure, the magnets are divided into two grcups. 
Figure 27a presents typical plots for the DD-series magnets, while Figure 27b presents typical 
plots for the DC-series magnets. For each magnet, the pressures are averaged over the four coil 
quadrants. and only current up-tamps data are displayed. 

Let us ftrst comment on Figure 27a. The main features of Figure 27a are: 1) the curve for 
magnet DDO026 is perfectly straight, 2) the cties for magnets DDO027 and DDO028 exhibit a 
breaking point. and 3) for currents below the breaking point, the curves of magnets DDC027 and 
DDOO28 are steepa than that of magnet DDO026. while. for currents above the breaking point, the 
duee curves are almost parallel. (In fact, the curve slopes for magnets DDO027 and DDCQ28 
become slightly smaller than the DDO026 slope.) The curves in Figure 27b exhibit features 
similar to the curves of magnets DDO027 and DD0028 in Figure 27a: they all start with a 
rciatively large slope. then break off, and, for high values of current. exhibit a much smaller slope. 
In summary. all the magnets with Nitronic-40 steel collars exhibit a breaking point in the outer- 
layer pressure versus p plot, while the plot for the High-hkutganese steel collar magnet is perfectly 
straight 
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Figure 27. Summary of changes in the azimuthal pressure exerted by the coil outer 
layer against the collar pole during excitations of the most recent BNL 4- 
cm-apcrtmz, I7-m-long collider dipole magnet prototypes: a) DD-series. 
and b) DC-ties magnets. The pressure data are averaged over the four coil 
es. 
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5.2.3.3 Explaining rhe Ereoting P&r. The differences in magnet behavior and the 
breaking point that is observed in Figure 27 for the Ninonic40 steel collar magnets are consistent 
wilh what can be. expected from the model we developed in paragraph 5.2.2.4, and this consistency 
can be taken as yet another justification of the validity of this model. The starting point of the 
model is that, in the case of Niimnic-40 steel collar magnets, the magnet cold mass can end up at 
LHe temperature with a gap between the collared-coil assembly and the yoke, extending over a 
certain angle on both sides of the midplane. However. during energization. the collar bends outward 
due to the radial component of the L.orentz force. which is maximum at the coil midplane. This 
elongation of the collared-coil assembly along the midplane adds a bending moment to the 
azimuthal component of the Lorentz force, which enhances the rate of unloading of the coil from 
the wllar pole. However. as the current increases, the collared-coil assembly is expected to come 
into contact with the yoke at the midplane. which then provides a quasi-infinitely stiff support 
against the radial component of the Lorentx force. As the contact occurs, the additional bending 
moment disappears. Then. the coil keeps unloading from the pole, but this unloading results from 
the sole effect of the azimuthal component of rhe Lorentz force. At the time what the. wllared-coil 
assembly comes into contact with dte yoke at the midplane. we are thus expecting to see a break in 
the pressure versus 12 curve. In summary, the breaking points observed on the curves for the 
Nitmnic-40 collar steel magnets of Figure 27 can be interpreted as the currents for which the 
collars contact the yoke at the midplane. For currents below the wntact current the unloading of 
the coil from the collar pole has two causes: I) the coil compression under the azimuthal 
component of the Lorene force, and 2) the coil bending under the radial component of the Lcrene 
force. Both of these factors result in a relatively large slope of the pressure versus P. For currents 
above the contact current, the unloading is due only to the azimuthal component of the Lorentz 
force. The disappearance of the bending moment results in a decrease of the slope of the pressure 
versus f. In the following we shall refer to conmcf current. the current value for which the collared 
coil assembly comes into wntact with yoke around the midplane. 

Let us now consider dte case of tie High-Manganese steel collar magnet Here, we expect a 
tight tit between the collars and the yoke, even at LHe temperature. ‘Ibe yoke should thus always 
pmvide a stiff support against the radial component of the Lorentz force. and during excitation there 
should be no deflection of the wllarcd-wiI assembly along the midplane. Thus, at all currents the 
unloading of the coil from the collar pole should result only from the azimuthal component of the 
Lorentz force. ‘Ihe plot of the pressure. versus f is thus expected to be perfectly linear and should 
not exhibit any breaking point. This is consistent with what is observed in Figure 27a 

Table 5b summarizes the contact currents for the nine magnets described in this paper. 
Except for magnet DDOU26. for which it is zero, they all lie between 3500 A and 5000 A, thus 
demonstrating that at full excitation the yoke does provide to the wllared-coil assembly the radial 
support we were seeking. The question that arises now is why we can see such a breaking point on 
the plots of the outer-layer pressure, when we could not see anything on the plots of the inner-layer 
pressure. A possible explanation is that in the case of the inner-layer pressure. the breaking point 
is hidden by the curvature introduced in the plots by the coil non-linear pmpexties. These non- 
lincarities are particularly strong in the low pressure range. They should thus strongly affect the 
inner-layer ptessure, which during energization sweeps a large dynamic range. and at high currents 
goes to rem. On the other hand, they should not affect 1oo much the outer layer pressures, which 
sweep a much smaller range and do not appear to go to zero. However, although we did not see any 
break, we noted in pamgraph 5.2.2.2 that in Figure 23a. for high currents, the three curves became 
parallel, while they diverged for lower currents. We can now add that the currents at which they 
become parallel are of the same order as the contact currents observed in Figure 27a The divergence 
of the three cmves at low currents, where variable bending effects are expected to take place, and 
their parallelism at high currents. where the unloading effects are expected to be similar, are thus 
consistent with our model. 
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5.2.3.4 Infhencr of fhe Collar-Yoke Inlrrference on the Initial Slope. In the case of the 
inner layer, we established that the initial slope of the pressure versus fz exhibited a good 
correlation to the vertical collar-yoke interference. One would expect the outer layer initial slopes 
to exhibit the same kind of correlation. Figure 28 presents a summary plot of the initial slope of 
the outer-layer pressure versus f as a fiinction of the estimated collar-yoke interference at LHe 
temperature. For each magnet, the slope is calculated on average over the four coil quadrants, and 
the collar-yoke interference is that calculated fmm Eq. (20) using the vertical collar deflections 
measured at the axial location of the strain-gauge packs. The data presented in Figure 28 are 
scattered and do not exhibit any clear nend. The fact that quantitatively the initial slopes of the 
outer-layer pressure do not exhibit a clear correlation is not really a surprise. On several occasions 
in this paper we questioned the reliability of the outer-layer strain-gauge measurements. We also 
noticed in paragraph 4.2.3 that for the outer layer there could be some Poisson’s ratio effects 
induced by the radial pressures exerted by the coil inner layer and the collars. As the coil is 
enagized, Ihe radial pressure on the outer layer greatly increases. resulting in larger Poisson’s ratio 
effects. which could eventually compensate for the decrease of azimuthal pressures caused by the 
other effects. At any rate. we would also expect the variations in collar-yoke interference to result 
in variations of the outer laya slope of smaller amplitude than for the inner layer slope. Indeed, 
when rhe coil deflects to match the midplane bending of the collars. the arc Ien& of the outer 
layer does not increase as much as that of the inner layer. ‘Ihe amplitude of the bending moment 
applied on tie outer layer is thus smaller than that on dte inner layer, resulting in a smaller 
enhancement of the coil unloading. The combination of all these elements could eventually explain 
the poor picture given in Figure 28. However, this lack of quantitative correlation does not 
jeopardize the qualitative observations made on Figure 27. 
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5.3 Influence of the Collared-Coil Assembly Deflections on the Sextupole Component of the 
Magnetic Field 

5.3.1 F’redicting the Change during Excitation 

In the above paragraphs, we described how for some of the magnets the radial component of 
the Lorentz fare can, at low currents. alter the shape of the wllared-coil assembly by producing a 
deflection along the midplane. We would expect this change of shape to have an effect on some of 
the multipole components of the magnetic field inside the magnet bore.. Computer simulations 
presented in Reference 23 show that a stretching of the coIlan~JcoU assembly along the midplane 
should result in a decrease 
expected to decease 

of the normal sextupole component, b,. As the current increases, b, is 
until it reaches a plateau, when the collared-coil assembly comes into contact 

with the yoke at the midplane. (At higher currents, the same simulations show that the unloading 
of the coil fmm the collar pole should result in an increase of b2.) The continuous line of Figure 
29 schematizes dte expected changes of b, as a function of I due to the collared-coil assembly 
deformations. However, concurrent with these changes of shape are iron-saturation effects. The 
computer simulations in Reference 23 show that the iron yoke starts to saturate around the pole 
plane. resulting in an increase of b,. At higher currents. it then starts to saturate around the 
midplane, resulting in a decrease of b,. which rapidly overcomes the saturation of the pole. The 
dashed line of Figure 29 schematized the expected changes of b, as a function of I due to iron 
saturation. Note that for low currents-let us say. I less than 3000 A-there should not be any 
saturation effect, and thus no change in b, due to the iron. The b, 
thus expected to be a combination of the two curves of Figure 29. 
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Figure 29. Expected changes in the sextupole component of the magnetic field during 
an excitation of a BNL 4-cm-aperture. 17-m-long collider dipole magnet 
prototype due to the deformations of the collared-coil assembly 
(continuous line) and the effects of iron yoke saturation (dashed tine). 
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5.3.2 Data Review 

In reality. Ihe 6, versus I curves measured on real magnets are more complicated than what 
we just described. They exhibit a large bystereais between the up and down-ramps of the ~ut~ent” 
This hysteretic behavior comes from complicated magnetization effects in the superconducting 
ftienu themselves. which are particularly imponant at low fields on the conductor. and thus low 
currents in the magnet As the current increases. the two branches of the hysteresis become 
symmetrical and tend toward each other. In order to eliminate the magnetizarion effects. we shall, 
as suggested in Reference 23, discard the low currents data, where the hysteresis is not 
symmetrical, and. for the high cotrents, we shall consider the average between the up- and down- 
tamp nteastuem~ts. The current above which the hysteresis becomes symmetrical was determined 
empirically to be 24xM A. 

Figure 30 presents the updown averages of the 6, versus I curves measured on some of the 
DDseties magnets. The data were plotted using the same ranges for the X- and the Y-scales. but 
the plots were translated along the vertical axis so that the 2000 A values would coincide. It 
appears that for I Wween 2COO and 3OC0 A, the curves for magnets DD0019 and DW026 are fla& 
while the curves for magnets DECO27 and DDO028 decrease. These observations are consistent 
with what we know of the features of these magnets. Magnets DDCW9 and DDO026 use round, 
High-Manganese steel collars. They are expected to have a tight collar-yoke fit, with no gap amund 
the midplatte, even at LHe tempetautre. Hence. the collared-coil assembly is not expected to deflect 
along the midplane, and then should be no change in 6, until the iron saturation effects become 
sensitive. On the otha hand, magnets DDOQ27 and DDW28 use round, Niamtic-40 steel collars, 
for which we expect to get a midplane gap between the collars and the yoke at LHe temperature. 
The colIar&coiI assembly is thus expected to deflect along the midplane. resulting in a decrease of 
b, as observed in Figure 30. Also. this decrease in b, due to collar deflections should stop when 

Current (A) 

Figure 30. Examples of measurements of the sextupok component of the magnetic 
field during current cycles of some of Ihe most recent BNL 4-cm-aperture. 
I7-m-long collider dipole magnet prototypes. The measurements are 
ava’aged over the up and down-ramps of the cttrren~ The data are planed 
using the same Y-scale. but the plots were translated along the vatical 
axis so that the 2OXJ-A vahtw would coincide. 
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the collared coil assembly comes into contact with the yoke. And indeed, dte curves for magnets 
DIXNl27 and DW028 appear to flatten out and to exhibit a local minimum for current values of 
the order of the contact currents determined in paragraph 5.2.3 fmm the breaks in the outer layer 
pmssnre curves. (Note that in the case of Figure 30 the impression of local minimum is reinforced 
by the effects of the iron saturation at the pole, which start to be sensitive around the same 
currents.) At any rate, the observations made in Figure 30 are in good agreement with our analyses 
of the mechanical data and can be taken as an independent justitication of the model we developed. 

5.4 Change in the Force Exerted by the Coil Against the End Plate During Excitation* 

54.1 Predicting the Change in End Force During Excitation 

As we described earlier, the main effect on the force exerted by the coil against the end-plate 
loading screws is expected to be that of the axial component of the Lorentr force. ‘Ihis component 
arises from the solenoidal field, which, in the coil ends, is created by the tnmamund of the 
conductcrs. The axial component of the Lorentr force being dimmed outwardly. the force exerted by 
the coil against the end-plate is expected to increase as a function of current, and, as for the coil 
azimuthal pressure, the change is expected to be linear in current squared. In the following, 
therefore, we shall always plot the force measurements as a function of current squared. and we 
shall also look at the slope of the force verstts Iz. 

Because of the axial component of the Lorentz force, the collared-coil assembly is expected 
to expand inside the yoke while energized. However, as we have described throughout this paper, 
there is some interference berween the collared-coil assembly and the yoke on the vertical diameter, 
resttlting in high frictional forces at the interface. Part of the axial component of the Lorentr force 
will thus be shared between the collared-coil assembly. the yoke, and the outer shell. Clear 
evidence of thii force-sharing can be found in Reference 17, where measurement results from strain 
gauges that were mounted on the outer surface of the shell of some earlier 4-c”-aperture. 17-m- 
long pmtotypes are presented. Of course, the tighter the clamping of the collared-coil assembly by 
the yoke, the higher the frictional forces at the interface, and the more force-sharing between dte 
collaredcoil assembly, the yoke, and the shell. This larger force-sharing eventually results in a 
smaller end-force-versus-fl slope during excitation. On the other hand, one must also bear in mind 
that the coil ends themselves are very complicated mechanical objects. They consist of pieces 
which are made to Iit sharply bent, multi-strand cables. If the fit is not perfect, gaps can remain 
between the conductors or the conductor strands, or between the conductors and the end spacers, 
leading to non-linear behaviors upon loading. These non-linearities eventually result in variations 
of the end-force-versus-p slope during excitation. One can also expect magnet-to-magnet 
variations, depending on the level of axial compressive load at zem current. In summary. many 
parameters are expected to influence the slope of the end-force versus P. and we have little hope of 
being able to son out clearly their respective roles. 

5.4.2 Review of End Force Measurements During Excitation 

5.4.2.1 Typicof E.rumple. Figure 31 presents a typical example of end-force as a function 
of current squared during an energiration of magnet Dco2C4. The four traces correspond to the four 
“bullet” gauge assemblies at the return end of the magnet (the return end is the magnet end 
opposite that where the current leads am connected). The arrows indicate the up and down-ramps of 
the curtent. These data were taken during me same strain-gauge run as for Figures 22 and 26. As 

expected, the force exerted by the coil against the end-plate loading screws appears to increase quasi- 
heady as a fnnction of current 4nared. 

* Analyses of the axial mechanics are preliminary. 
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Figure 31. Change in the axial force exerted by the coil against the end-plate loading 
screws dating an excitation of BNL 4-cm-aperture. 17-m-long colhder 
dipole magnet prototype DC0204 The four traces correspond to the four 
lofading screws. 

One peculiarity of the end-force data, however, is that the zero-cttrrent value appears to 
incrucse significantly during the testing cycle. Figure 32 shows, as an illusttation. a plot of the 
total end-force versus time during the fmt testing cycle of magnet DDO028. Each arrow on the plot 
corresponds to an excitation of the magnet to a current larger than 4CEQ A. Each at~ow with a 
number corresponds to a quench. In the case of magnet DDlXQ8. the end-force increased by about 
54% during the fmt cycle, from 8.1 kN. just after cooldown. to 12.5 kN, just before warm-up. As 
can also be. seen on Figure. 32. most of this increase takes place at the time of the fmt quenches, 
while the end-force remains almost constant during the subsequent quench testing. The 
observations made here MI magnet DDC028 are typical of the nine magnefi described in this paper. 
As can be seen on Table 5.~. they all exhibit a large increase in end-force over their testing cycles, 
which varies from 3.3 kN for magnet DDOCl26 to 11.6 kN for magnet DC0204. The origin of this 
increase is not yet fully understood. One possible explanation is a rotchcfing of the collaxed-coil 
assembly inside the yoke. As we already described, the axial component of the Lorentz force tends 
to pull the coil ends outwardly. During excitation. the collared-coil assembly thus tends to expand 
inside the yoke. However, both the collars and the yoke are laminated, and their contact surface is 
very rough. During excitation, or due to the thermal effects consecutive to a quench, it can thus 
happen that somewhere toward the magnet ends, some collar laminations slip fmm one yoke 
lamination to the other, and that, as the current is ramped down, or the magnet temperature is 
brought back to normal, these collar laminations stick to their new positions. These slip-stick 
motions could eventually explain the incremental increases of end-force observed during the fist 
excitations or quenches. 
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Figure 32. Change in the coil axial compressive load during a testing cycle of Bti 
4-cm-aperture. 17-m-long collider dipole magnet prototype DDC028. The 
data are summed over the four return-end bullet gauges. The small arrows 
indicate magnet excitations to a currem larger than 4CKIO A. The large 
arrows swmomued by a nwnber correspond to a quench. 

5.42.2 Cross-Magnet Compofison. Figures 33 and 34 present summaries of Ihe end-force 
versus I2 plots for the nine magnets of interest. The data in Figure 33 correspond to strain gauge 
runs performed at the beginning of the fu?.t testing cycles of each magnet, before the fust quench. 
and, tbhus. before any substantial ratcheting has taken place. The data in Figure 34 correspond to 
strain gauge runs performed at tbe end of tbe testing cycles, after a quench plateau has been 
established, and. thus. after most of the ratcheting has taken place. As for Figures 23 and 27, the 
magnefs have been divided into two groups. Figures 33a and 34a present typical plots for magnets 
DDOO26, DD0027. and DDOO28; Figures 33b and 34b present typical plots for the DC-series 
magnets. For each magnet. the force is summed over Ihe four bullet gauges. and only current up- 
ramps data are. displayed. Table 5c also lists tbe values of the end-force versus I* slopes for the 
different magnets, at both low and high currents. The values are cakulated on average over selected 
main-gauge mu from tie fmt and second testing cycles of these magnets. 

Let us fmt comment on the DD-series magnets. The main features of Figures 33a and 34a 
are: 1) Ihe curves of the three magnets are parallel, 2) the curves of Figure 33a are parallel to lhose 
of Figure 34a, and 3) the slopes of the end-force versus I2 appear IO increase by about 40%. from 
0.17-0.18 kNkAz at low currents to 0.24 kN/kA* at high cmrenls (see Table 5.~). This increase 
can be intmpreted as a sign that tbe coil ends stiffen during excitation. (Note thaw in the case of 
magnet DDW27, tbe bullet gauges do register an increase as soon as the coil is energized, despite 
the fact that the end-force tams out to be almost nil after cooldown. There is thus no evidence of a 
gap between the end-plate loading screws and the coil ends.) Let us now consider the DC-series 
magnets. The main features of Figures 33b and 34b are: 1) the DC-series magnets curves are more 
linear and have larger initial slopes than the DD-series magnets curves, and 2) the DC-series 
magnets can be divided into two groups. The fmr group comprises magnet DCO203, DCO204, 
and DCOZOS. and is ckuacterized by end-force slopes of 0.22X1.25 kN/kAz at low torrents, and 
0.24-0.26 kN/kA2 at high currents. The second group comprises magnets DCO201, DCO202, and 
DCO206, sod is characterized by end-force slopes which are 25-30% larger than rhe end-force slopes 
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of the magnets of the first group. The fact that the end-force curves of the DC-series magnets start 
with a larger slope and do not exhibit the same curvature as the DDseries magneu curves would 
seem to indicate that the ends of the DC-series magnets have a more linear behavia upon loading, 
and thus are better assembled. On the other hand. the larger slopes observed on magnets DCO201, 
DCO202, and M30206 would seem to indicale that for these magnets, more of the axial component 
of the Lmentz force is transmitted to the end-plate, which also indicates that less of the axial force. 
is shared by friction between the collared-coil assembly. the yoke, and the shell. This, again. could 
be interpreted as a sign that for these magnets the coil ends are stiffer. The reason that magnets 
DCO201. DCO2U2, and DC0206 behave as if they had stiffer ends than the other magnets is not yet 
fully understi. It is. however, noticeable that these magnets are also those with the highest 
values of axial pre-loads at the end of cooldown. One possible explanation is that the coil ends of 
these magnets were better pressed, resulting in an enhanced stiffness. (It is also noticeable that 
despite this enhanced stiffness. these magnets exhibit a ratchetiog comparable to that of the other 
magnets.) 
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Figure 33. Summary of the changes in the axial force exerted by the coil against the 
end-plate loading screws during the frst excitations to a large cwrem of 
the most recent BNL 4cm-aperture. 17-m-long collider dipole magnet 
prototype.s: a) DD-series, and b) DC-series magnets. The force data an: 
summed ovex the four loading screws. 
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Summary of the changes in the axial force exerted by the coil against the 
end-plate loading screws during shain gauge runs performed after the 
establiimeat of a quench plateau for the most recent BNL 4sm-apertwe. 
17-m-long collider dipole magnet prototypes: a) DD-series. and b) DC- 
series magnets. The force data are summed over the four loading sxws. 

5.423 Coil End S@%ess and Quench Performance. We shall describe elsewhereto how the 
quench performance is affected by the end design. One can, however, already mention that there 
seems to be some kind of correlation between coil-end stiffness and quench performance. Magnet 
DCO203. DCO2CM. and DC0205 exhibited relatively poor quench performance. with most of the 
training quenches occurring in the outer laya of the coil. The training was particularly dramatic at 
3.5 K. where none of these magnets reached a quench plateau. On the other hand, magnets 
DCO201, DCO202, and DC0206 exhibited relatively good quench performance, with all training 
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quenches but one in the coil inner layer. (The only outer-layer quench was observed during the test 
at 3.85 K nominal of magnet X0202. and occorrcd at a current of 7351 A.) The two groups of 
magnets we defined in paragraph 5.4.2.2 can thus also be characterized by the pattern of their 
quench performance: magnets DCO203. DCO204. and DC0205 had poor quench performance, sod 
were limited by their coil outer layer, while magnets DC0201. DCO202. and DC0206 had much 
helter quench performance, with little training in their coil outer layer. The occurrence of training 

quenches in the coil outer layer is always a surprise, for the peak field on the outer conductor is 
smaller than on the coil inner layer. resulting in an operating margin a few percent larger. On the 
other hand. if we consider the axial component of the Lorents force, the total force applied to the 
outer-layer ends is calculated to be 1.8 times larger than for the inner-layer ends.36 Since the force 
applied to the outer-layer ends is larger, one caa expect the outer layer to be more sensitive to the 
details of the coil-end design. Also, since the outer layer is in direct contact with the coUars. one 
can expect the outer laya to be more sensitive to tie eventual slip-stick motions of the collars 
described earlier. These considerations. along with the magnet test results. seem to make the case 
that poor baining performance in the coil outer layer may be. related to a lack of end-stiffness. 

5.5 Summary 

In this section. we reviewed the excitation data of the nine most recent BNL 4-cm-apenorc. 
17-m-long SSC dipole magnet prototypes. We successively analyzed the changes in azimuthal 
compressive sixess in the coil inner and outer layers, and tbe changes in axial compressive load at 
the coil ends. We saw that for most of the magnets, the azimuthal pressure exerted by the coil 
inner layer against the collar pole decreased to zero during energization. revealing a possible 
unloading of the pole. We also found that the initial rate of decrease of the inner-layer stress during 
energization varied from magnet to magnet and could be correlated to the estimated vertical 
interference behveen the collars and the yoke at LHe temperature. These variations can be explained 
by the existence, at low currents, of a bending moment resulting from the radial component of the 
Lorentz force, which deflects the collared-assembly along the midplane and tends to close the 
eventual gap between the collared-coil assembly and tbe yoke. The existence of this bending 
moment is supported by tbe observation of a breaking point in the outer-layer presswe, which can 
be interpreted as the current at which the collared-coil assembly comes into comact with the yoke 
at the midplane. It is also supported by the observation, during excitation. of variations in the 
sextupole component of the magnetic field, which are in good qualitative agreement with the 
assumed deformations of the collared coil assembly. As for the axial compressive load. we fust 
noted that during excitation the bullet gauges registered a quasi-linear increase as a function of 
current squared, s could be expected from the axial component of tbe Lorentz. However, it also 
appeared that the zerocurrent compressive load increased significantly over the testing cycle, 
especially at the times of tbe fmt excitations or quenches following cooldown. We suggested that 
this increase resulted fmm a ratcheting of tbe collared-coil assembly inside the yoke. It also 
appeared that there wen subtle magnet-to-magnet variations in the values of tbe slope of the end. 
force versus current squared. We interpreted these slope differences in terms of stiffness of the coil- 
end parts, and we suggested a possible correlation between a lack of stiffness in the coil end parts 
and a poor training performance in the coil outer layer. 

6 CONCLUSION 

The main origin of quenches in superconducting particle accelerator magnets is thought to 
be the frictional motion of conductors or conductor strands, or of parts of the cold mass directly in 
contact with the superconducting coil. From there, two options arc open to the magnet designer: 
either design magnets where everything is tightly clamped. in order to limit the risk of motion, or 
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design magnets where the main components are free to slide in order to render most of rhe motions 
elastic and to limit the risk of frictional heating. Early in the SSC dipole-magnet R&D pm-, 
lhe fmt school of thought prevailed. This led to the so-called line-to-line tit design, developed by 
Brookhaven National Laboratory. where the wllaredcoil assembly is meant to be fully wnsti~ 
both mdially and axially, by a tightly fit yoke and thick end plates. Several 4sm-aperture, 17-m- 
long dipole magnet prototypes were built in order to test the design concepts, and this paper repons 
on the fabrication, assembly, and mechanical behavior during cooldown and excitation of the nine 
most recent one.% For the nine prototypes, it appears chat at LHe te.mperature and 6500 A, the 

collared-coil assembly is in contact with the yoke around the midplane, and that the coil ends are 
also in contact with the end-plate loading screws. For these magneu. the radial support of the 
coUaredcoil assembly around the midplaoe and the axial support of the coil at the ends can thus be 
considemd to conform to the design. The next step would be to determine whether the efforts to 
achieve these two goals traoslate into suitable quench performance. This, however, will be the 
subject of another discussion.t” 
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